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Nanotechnology has become an essential requirement in the progression and 
development of cutting edge technologies. The pursuit of nano-precision has led to a 
continuous need to improve, advance, and optimise the nano-fabrication process. This 
venture has led to the manufacturing of ultra-thin film technologies that utilise an atomic 
deposition technique known as atomic layer deposition. Nonetheless, these emerging 
technique’s physical and chemical phenomena are still of interest to discover. 
The study aims to investigate the fundamental behaviours of the occurrences within the 
design topological effects, fluid flow phenomena, and heat and mass transfer, along with the 
heterogeneous chemical reactions within the atomic layer deposition process. The study 
explores innovative inlet design behaviours incorporated within the atomic layer deposition 
process. Critical issues are identified, for instance film defects, low-throughput, poor growth 
due to flow phenomena, gaseous species interactions and dependencies, mass diffusion and 
convection, and boundary layer reliance on the mass transport and fluidic effects. Emphasis 
is placed on the film growth dependency towards reactor design and reactor geometrical 
influences such as the step height and inlet configuration, chemical reacting flow dynamics, 
and fluidic phenomena (for instance the backward facing step) sudden expansion, 
recirculation zones, and laminar to turbulent flows, as well as reactor operating recipes. 
 Numerical models are created by using the computational fluid dynamics method. This 
is achieved by developing reactor scale simulations of the various hot wall cross flow 
thermal reactors. The large eddy simulation method is incorporated to capture non-laminar 
flows and flow disturbances. Commercially available simulation packages, namely ANSYS 
Fluent and ChemkinPro, are used. The atomic layer deposition process of manufacturing 
nano-thin film of aluminium oxide using trimethyl-aluminium and ozone as precursors is 
studied. Argon is used as an inert gas. These simulations are accomplished by studying two- 
vi 
and three-dimensional continuum domains of the atomic layer deposition reactors. The first 
focal point is the three-dimensional cross flow reactors subjected to different injection 
manifold designs. The study compares the design of a slotted and cylindrical ported injection 
inlet. The findings reveal the fundamental behaviours and dependent interaction of the fluid 
flow, mass transfer, performance and efficiency of the chemical reactions growth dynamics 
within the atomic layer deposition process. It concluded in revealing that the slotted design 
improved the process and shortens the operation time. 
The second focal point is two-dimensional cross flow reactors which are designed with 
alternating injection step heights. The topological analysis identified the critical issues found 
due to step height alterations and injection speed variations along the mass transfer and 
chemical reactions within the atomic layer deposition process. The manifestations of the 
backward facing step, flow fields, mass transport are captured. In Addition, the rate-limiting 
effects of concentration boundary variations and the Damköhler number on the 
heterogeneous deposition rate is studied. It is revealed that unique flow occurrences exist 
when the flow momentum is altered due to the dependant variables that are studied. These 
occurrences effects the growth in unique ways that result in uniformity changes over the film 
growth. Results from both studies revealed close similarity to experimental growth 
thicknesses.  
These predictive models contribute towards the identification of the fundamental 
behaviours of the fluid dynamics, heat and mass transfer, chemical kinetics and prediction 
of nano-fabrication of surface sciences within the reactor scale process. They illustrate 
insight into identification of the reaction rate-limiting types, and demonstrate optimization 
parameters of the reactor designs and process operation; as well as allowing the prototyping 
of new micro- and nano-materials and technology.  
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1.1 Nanotechnology and Thin-Film Fabrication 
Nanotechnology has become a future investment in the technology of today. Throughout 
its development, it has become an integral part of daily life, and in doing so, has contributed 
to the technological world of the modern day. Nanotechnology has played a crucial role in 
the development of advanced computers, smart homes, and smart phones, and has given rise 
to artificial intelligence, and to a number of new and innovative industries [1].  
Nanotechnology refers to the comprehension and control of matter that lies between the 
dimensions of 1 and 100 nano meters [2]. On this nanoscale, materials display unique 
characteristics that could have novel applications on a technical and economic level [2]. In 
order to fabricate nanotechnology devices and materials with unique structural 
characteristics, it is of critical importance to study the manufacturing process of the nano 
realm. Nano-manufacturing technology refers to the process of manipulation of matter to 
develop nanomaterials and nanostructures [3-7]. Nano-manufacturing entails a combination 
of multiple disciplines, namely mechanical engineering, surface science, organic and 
inorganic chemistry, molecular biology, semiconductor physics, fluid dynamics, micro and 
nano-fabrication, and reactor design [8-15]. 
This exploration into the nano-scale began in the early 1970s. Moore’s law stipulates 
that the number of transistors in a dense integrated circuit will double every two years [16]. 
Consequently, the transistor density multiplies, coupled with a corresponding need for a 
greater amount of processing power. Although traditional silicon transistors may satisfy the 
present computational requirements of today, a state will eventually arise where the atom 
itself needs to be split in order to remain true to Moore’s law. [16]. This introduces limits to 
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the relevance of traditional silicon transistors to certain problems such as cryptography and 
quantum stimulation [16]. As a result, the invention of a new technology that can solve these 
problems through computation is encouraged. This is only possible if the manufacturing 
process is able to evolve with time. The evolution and development of the nano- and sub-
nano realms need to be intrinsically analysed in terms of the requirements of modern 
technology. This requires the use of engineers, researchers and scientists to innovate 
methods to make Moore’s law possible, and simultaneously creating possibilities and 
advancements in multiple new technological industries.  
Nano-manufacturing holds great potential and requires the collaboration of engineers, 
researchers and scientists of multiple disciplines to advance and produce creative nano-
material, cutting-edge technologies and innovative products. The manufacturing scale still 
remains a challenge, and requires new studies to investigate the fundamental physics and 
chemistry principles and then apply the findings to optimise the production process. By 
doing so, the limitations currently faced by nanotechnology manufacturing can be addressed 
and overcome.  
The International Technology Roadmap for Semiconductors (ITRS) has acknowledged 
the need to move beyond 45 nm device nodes in the quest for continuous miniaturisation 
towards ever-smaller nanotechnology nodes [16, 17]. The conventional deposition methods 
used to manufacture the thin film are becoming inadequate to control the thicknesses and 
required characteristics [18-20]. These conventional deposition methods can be classified as 
physical vapour deposition (PVD) and chemical vapour deposition (CVD) [18]. The 
classification of thin film deposition techniques, along with their variations, can be seen in 
Figure 1.1. However, a deposition technique has been identified within the classifications: 
atomic layer deposition. Atomic layer deposition has unique abilities to challenge other 




Figure 1.1: Thin film deposition technique classifications (modified from [18-20]) 
1.2 Physical Vapour Deposition (PVD) 
The Physical Vapour Deposition (PVD) process is a vacuum deposition technique which 
involves vaporisation of the target material (solid or liquid) into vapour form, to be 
condensed onto the targeted substrate by either a thermal or athermal process [18, 21, 22]. 
The difference between thermal and athermal processes lies in the vaporisation technique. 
The thermal process involves the vaporisation of the target material by evaporation or 
sublimation, along with thermal energy from resistive heating or a high energy electron beam 
[18, 21]. The athermal process involves the vaporisation of target material by bombarding it 
with accelerated gaseous ions to remove the surface atom [18, 21, 22]. PVD involves the 
physical deposition of thin film on the substrate surface from the source material. PVD is 
utilised as a “line-of-sight” deposition technique [22, 23].  
The following sequential steps are involved in the PVD process [18, 21, 22]: 
I. High energy transfer by the electron or ion bombardment or filament heating of 
source material. 
II. The vaporisation of the source material from energy transferred by sublimation, 
evaporation or physical sputtering into atom form in high vacuum states. 
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III. The guiding and transportation of vaporised source material in the direction of the 
substrate surface. 
IV. The interactive reactions of the vaporised material with the available gas in the 
reactor whilst it travels toward the substrate surface. This phase is utilised in specific 
coatings of oxide, nitride, carbide (among others) where the final coating differs from 
the source material chemistry; 
V. Condensation process of the vaporised material onto the substrate surface 
1.3 Chemical Vapour Deposition (CVD) 
Chemical vapour deposition (CVD) comprises of homogenous reactions of the gaseous 
reactants during the deposition process to deposit onto the substrate as a thin film [18]. The 
CVD technique is proficient in developing thin films of simple and complex material at the 
same time. These thin films possess anticipated morphology and chemical components  
[9, 14, 15]. This deposition technique, together with others, are flux controlled, meaning that 
the film growth be subject to the local gas flux. Complex structures, such as those with deep 
trenches, still suffer under the conformal growth of the film due to the inherent reaction 
kinetics of gas transport [23]. Thereby, the reactant molecules can be a number of orders 
larger near the entrance of the complex topology, as compared to the bottom end of the 
structure [23]. Hence, it is seen that entrances are non-conformal and tend to get clogged, 
making it hard for the molecules to diffuse into the structure and form thin film. Although 
various approaches do exist to improve the conformity of the CVD approach, such as 
inhibiting the growth, using pulsed CVD, and the use of catalysts, the conformity remains a 
defect within the quality of the thin film [24]. Based on the method of heating to activate the 
vapour phase reaction, and the nature of the precursor, the CVD process can be classified 




The CVD process is composed of four essential steps [19, 25]: 
I. Injection of the precursor(s) into the reactor. 
II. Adsorption of the precursor(s) on the substrate surface, followed by thermal 
activation, or activation by ionised plasma, of the chemical reaction. 
III. Surface diffusion and decomposition of the precursor over the substrate, which 
spreads to the formation of nucleation sites, and grows with respect to the allowed 
time to fabricate the desired thin film. 
IV. The purging of the desorbed residual and by-products from the reactor. 
1.4 Atomic Layer Deposition (ALD) 
Atomic layer deposition, otherwise referred to as ALD, is a gas phase process for 
synthesising solid thin films by sequentially (rather than simultaneously such as CVD) 
exposing a substrate to multiple gas reactants. Due to the unique ability of ALD to self-
saturate between pulse and purge within these complex topologies, higher quality film, along 
with conformal and uniform growth can be achieved much easier than that of CVD. In 
contrast to its predecessors PVD, ALD, has the ability to form uniform and conformal films 
in complex three-dimensional structures with a large aspect ratio [26-29].  
ALD as a result have received a wide recognition as a beneficial key-enabling 
nanotechnology manufacturing technique that fulfils the deposition fabrication of modern 
and future technologies. ALD has displayed potential benefits when compared to alternative 
deposition methods, such as CVD and various PVD techniques. As a result of its cyclic and 
self-saturating nature, the ALD process provides the desired atomic layer control over 
material thickness, conformal and uniform growth over complex topology, and the 
composition of product defined material (nanolaminate) [26, 30, 31]. These superior abilities 
allow ALD to play a crucial role in the miniaturisation of nano-scale devices and nano-
structures [32]. Additionally, ALD allows for precise control of film composition in multi-
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component systems that allows engineering of the physical, chemical and electrical 
properties in nanolaminate and alloy structures [20]. The abilities of ALD are displayed in 
Figure 1.2. 
   
Figure 1.2: Atomic layer deposition abilities: (left) cross-sectional SEM image of a 300nm 
thick Al2O3 film deposited on Si substrate with trenches [33];(middle) TiO2/Al2O3 
nanolaminate with 16Å thick layers [20]; (right) thin film growth cycles [34] 
This deposition process is a binary reaction that is separated into two sections: self-
limiting surface reactions among the gaseous precursors, and the absorbed site species on a 
substrate [31, 35]. The ALD procedure involves four sequential and basic steps [36]: First, 
the surface of the substrate is exposed to the first precursor, which saturates the surface; 
Next, the excess precursor and volatile by-products are purged from the reactor. The 
adsorbed layer is then introduced to react with the second precursor. Lastly the volatile  
by-products and excess of the second precursor are purged from the reactor.  
 
Figure 1.3: Atomic layer deposition procedure schematic (Author’s own illustration) 
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These steps are illustrated in the schematic of Figure 1.3. By repetition of these saturate steps, 
the thin film can be grown monolayer-by-monolayer [31]. Due to the self-limiting nature of 
the film growth, the film thickness can be precisely controlled to produce uniform and 
conformal thin films [36].  
According to literature, the starting point of ALD development is traceable to the work 
of Aleskovskii and Kolt’sov, molecular layering (ML), in the 1960s in the Soviet Union. 
However, present ALD development is attributable to Suntola’s atomic layer epitaxy (ALE) 
work in 1974 [8]. The terminology of chronology as it has evolved over the decades is 
presented in Table 1.1. Since the second phase in 1974, ALD has experienced tremendous 
evolution, and provided a substantial body of knowledge and information. The 
commercialisation of ALE-electroluminescence (ALE-EL) in 1983 contributed to the further 
advancement and steady improvement of ALD, moving towards a microchemistry study in 
solar and catalysis in 1987. This led to the development of smart cards and semiconductors, 
and to the almost-endless possibilities of today [8]. ALD has been adopted extensively in 
both the silicon microelectronics and thin film device industries, and its application is rapidly 
expanding to more industrial applications [32]. This technology holds great potential in 
future manufacturing and research applications. Instances of this can be seen in the 
manufacturing of nanoscale devices [37, 38], biosensors [39, 40], MEMS/NEMS [41-43], 
optics [44, 45], microelectronics[46-49], food packaging [50-52], hydrogen technology [53-
55], anti-corrosion layers for noble metals [56-58], electroluminescent displays [59, 60], 
coatings of nanoparticles [61], nano-wires [62], nano-material and porous objects [63-65], 
magnetic heads, multiple solar cells [66-71], and transparent solar cells [20]. Some examples 
can also be seen in literature. Jeffrey A. Hart, et al. [72] investigated nanolaminate 
production for large scale flat panel electroluminescence displays. A study from Javey, et al. 
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[73] examined the process of deposition of gate dielectrics for carbon nanotube transistors. 
Gupta, et al. [74] considered nano-electrodes for studying single molecules. 
As ALE processes are developed to incorporate a much larger range of material films, 
such as metals and metal oxides, many more films were deposited non-epitaxially, leading 
to the more general name of ALD [32]. With the continual investigation of numerous 
material combinations to achieve the required film properties, the ALD procedures to 
fabricate the film were inspired by a variety of CVD processes. Distinctively, ALD 
procedures that make use of specific alternating chemical processes can be deposited at low 
temperatures [19, 26]. Although a significant number of materials are being deposited by 
ALD, details of its physical-chemical processes are not yet well understood [75, 76]. 
Table 1.1: Different terminologies of ALD, provided by R.L. Puurunen [77] 
Name Abbreviation 
Atomic layer deposition ALD 
Atomic layer epitaxy ALE 
Atomic layer evaporation ALE 
Atomic layer growth ALG 
Chemical assembly  
Molecular deposition  
Molecular lamination  
Molecular layer epitaxy MLE 
Molecular layering ML 
Molecular stratification  
The ALD manufacturing process exhibits many promising features. However, it also 
suffers from slow deposition rates. Due to the long cycle times involved within its pulsing 
and purging steps, and the layer-by-layer nature of the deposition process, a typical ALD 
rate is in the  order of 100–300 nm/h [19, 27]. As such, to achieve a better fabrication process, 
9 
 
multiple aspects must be examined to improve, advance, and optimise the nanofabrication 
process. Some of these aspects are discussed below. 
1.5 ALD Materials 
Atomic layer deposition has developed over the past decade as a notable process for the 
deposition of films of extensive diversity in materials and substrates [32, 78]. Thus, an 
extensive range of materials have been grown by ALD in previous studies  
[7, 10, 11, 26, 36, 48, 49, 70, 79-93]. The materials incorporate metals, insulators, 
semiconductors, and superconductor materials in both crystalline and amorphous phases 
[26]. ALD offers a large range of thin film that can be fabricated. Some of this thin film can 
be seen in Table 1.2. This table shows some of the most common types of material grown 
by ALD, amongst others, oxides, nitrides, sulphides, semiconductors, and pure elements. 
Additionally, compounds with three or more elements to form nanolaminate films can also 
be fabricated to achieve unique material properties and nano-structures[26]. 
To support the rapidly expanding ALD field and its applications, a broad and ever-
expanding selection of precursors suitable for the ALD process has been developed [94]. 
These precursors, as mentioned later on, need to conform to certain factors. The choice of 
precursors has economic implications, as some are costly and timely to synthesise. 
Regrettably, there are no “perfect” precursors, so the choice of selection involves trade-offs 
between cost, availability, safety, volatility and reactivity [20]. A multitude of materials, 
compounds, and nano-laminates are constantly being researched within ALD. For the 






Table 1.2: Examples of typical thin film deposited by ALD (Modified from [20, 95])  
OXIDES Transparent oxides ZnO, ZnO:Al, SnO2, In2O3,  
In2O3:x (X=F, Sn, Zr) 
Dielectrics Al2O3. TiO2, SiO2, ZrO2, HfO2, Ta2O5, 
Sc2O3, La2O2 
Ternary oxides LaNiO3,LaCoO3 
Superconductors YBa2Cu3O7-x 
others CaO, CuO, MgO, SrO, RuO, VOx, 
FeOx, CrOx, CoOx, MnOx, PrOx, POx, 
NiO, Eu2O3, Er2O3, Dy2O3, Ho2O3, 
Gd2O3, Ga2O3, Nd2O3, Sm2O3, Tm2O3, 
Lu2O3, CeO2, GeO2, Sc2Co3, Y2O3, 
Nb2O5, Sb2O5, WO3, BiOx 
NITRIDES Metallic BN, TiN, NbN, MoN, TaN 
Dielectrics/semiconductors GaN, InN, AlN, SiNx 
others Zr3N4, Hf3N4, WxN, 





 ZnS, ZnTe, ZnSe, ZnS1-xSex, ZnS: X (X 
= Tb, Mn, Tm), BaS, CdS, CdSe, CdTe, 
HgTe, 
CaS, CaS:M (M = Ce, Eu, Pb, Tb), SrS, 




 ZnF2, CaF2, SrF2 
FLUORIDES  ZnF2, CaF2, SrF2 
OTHERS  SiC, PbS, BaS, In2S3, La2S3, Y2O2S, 
CuGaS2, WS2, WxC 
Note: Elements of material composition exist of Zn=Zinc, Al=Aluminium, Sn=Tin, Ti=Titanium, Hf= 
Hafnium, F=Fluorine, Si=Silicon, Zr=Zirconium, Sc=Scandium ,Ta=Tantalum, La=Lanthanum, 
Ni=nickel, Li=Lithium, Nb=Niobium, Ca=calcium, Cd=cadmium, Ba=Barium,Pt=Platinum, 
Ge=Germanium, Mo=Molybdenum, Cu=Copper, Ru=Ruthenium, Ga=Gallium, N=Nitrogen, 
Pd=Palladium, W=Tungsten, Mn=Manganese, C=Carbon, Sr=Strontium, Ir=Iridium, 
Eu=Europium, S=Sulphur, Ce=Cerium, and O= Oxygen. 
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1.6 ALD Growth Methods and Modes 
During the ALD fabrication process, growth methods and modes have been observed to 
achieve a desired surface or material thin film. The first ALD method is typically found to 
create compounds by the addition of chemical precursors to one another, such as the 
formation of metal oxides, nitrides, and fluorides. Alternatively, these said chemical 
precursors can be used to fabricate a single element by elimination or extraction of the 
unwanted layers, such as the formation of pure platinum film [11, 78, 80, 96]. 
Additionally the growth modes can determine the arrangement of the material on the 
surface [96-100]. Intrinsically, the mode can change from one mode to another within the 
growth process [101]. The different growth modes can be depicted as island growth 
(Volmer-Weber growth) [93, 96, 101], layer-by-layer growth (also known as  
two-dimensional growths or Frank-van der Merwe growth) [101-104] and random 
deposition [105-107]. Within the ALD fabrication process, layer-by layer growth is 
preferred. An illustration of these growth modes is seen in Figure 1.4. 
 
Figure 1.4: Growth modes in atomic layer deposition procedure schematic [101] 
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1.7 ALD of Alumina (Al2O3) Thin-Film 
The growth of a metal oxide nanostructure thin film is attained by the addition of a metal 
complex and an oxygen source [95]. The formation of the structure is typically the addition 
of two steps, namely the hydrolysis step and the condensation step. These two structure 
addition steps differ in terms of the oxygen source being responsible to form oxo metal bonds 
within the hydrolysis step. In contrast, the metal precursor is responsible for the condensation 
step [95]. ALD growth of oxide thin films is favourable due to its wide range of electrical 
properties, extending from insulation, semiconducting, and superconducting [95]. Metal 
oxide thin film is utilised in a variety of equipment, including solar cells, fuel cells, diffusion 
barriers, and flexible electronics. With CVD techniques, it was difficult to fabricate at 
moderate temperatures. However, since ALD methods that allow the separation of each 
reactant until they reach the reactive substrate sites, more reactive precursors can be utilised 
(without the danger of homogeneous mixing and reaction) which allows lower temperatures 
for depositions [76, 95]. Many oxides can be deposited by ALD at moderate temperatures, 
however, there are limitations. Due to the unique chemical kinetics of the surface, the 
reaction can be slow if the temperature is too low. This can be overcome with plasma-
induced methods and highly reactive precursors, but the optimal deposition and operation 
temperatures remain a research interest [76, 95]. 
One of the most popular concepts in literature and experimental studies is the fabrication 
of aluminium oxide (Al2O3) thin films [30]. This thin film can be regarded as the benchmark 
film in ALD, particularly in practical applications. It can be deposited by numerous ALD 
recipe combinations. Some of these combinations use trimethyl-aluminium ((ALCH3)3) 
along with either water [30], oxygen [78, 108-110], oxygen plasma [111-114], and ozone 
[104, 115-118]. It can be deposited within a relatively wide temperature window, 
additionally, allowing coatings on temperature sensitive substrates. The Al2O3 thin film 
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grows ideally at 0.1 nm/cycle (or less) depending on the operating conditions and the ALD 
Al2O3 recipe. The Al2O3 thin film fabrication field has been greatly researched, and has 
contributed to multiple reviews in the literature [26, 32, 65, 76, 77, 95] 
The interest in this particular study is on the use of trimethyl-aluminium and ozone as 
the precursors to fabricate the Al2O3 thin film. The overall reaction would be as follows: 
   2Al(CH3)3 + O3 → Al2O3 + 3C2H6  
Ozone can be seen in many respects, similar to that of oxygen plasma, in which it produces 
a copious supply of highly reactive oxygen atoms. When the ozone decomposes it produces 
stable oxygen molecules (O2) and oxygen atoms [23, 115]. In both types of oxygen species, 
the atoms are highly reactive and ready to decompose the TMA. The Al2O3 films are 
deposited at a temperature of 150-400°C. Compared to using water as the oxidiser, the ozone 
growth is typically slower at temperatures of 300°C and above, and fabricated film at 
typically 0.6-0.85 Å/cycle [23]. However, at lower temperatures of 150°C, the growth can 
exceed that of water as a precursor. Ozone grown films are typically amorphous [23, 115]. 
Studies of this film are investigated on numerous substrates to be used in a variety of 
applications such as microelectronics [119], food packaging [120], photovoltaics [71], to 
name a few. Another reason for using ozone as a precursor is that it minimises the amount 
of OH that could be found in the resulting film.  
1.8 Factors for the Successful Growth of Thin Film via ALD 
The successful deposition of a solid film by ALD is dependent on the self-limiting 
reactions to formulate the excellent characteristics of the end product. Though, a number of 
factors, often co-dependent with one another, that may hinder the performance of the 
process. These factors include, but are not limited to, mechanical and mechanistic factors 
(geometry influences, surface topography, fluidic flow, mass transportation, and 
thermodynamic aspects), chemical factors (precursors, purge, operational recipes, sample 
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preparations, reactivity, and absorptance), and material factors (atomic structures, spotted or 
continuous film, and film properties). Some of the factors are discussed in the following 
sections.  
1.9 Precursors 
ALD precursors can be found in a solid, liquid or gas form, while the carrier and purge 
substances are typically inert gas nitrogen or argon [95]. In order to achieve a successful 
ALD process, the chemical precursors injected into the reactors must fulfil a number of 
requirements. These requirements are summarised in Table 1.3. First, the volatility of the 
substance must be high enough to allow easy transport in its gas phase to the reaction zone 
(typically above 0.1 Torr) [23]. The substance must exhibit good thermal stability and hold 
back decomposition, whether as a source or from the surface. Decomposition reactions may 
show non-self-limiting reactions that can cause film contamination from the exposure of C, 
N, H or halide atoms, depending on the precursor to use [23]. This might lead to higher 
growth per cycle readings. Moreover, the precursor should not etch either the film or 
substrate [95]. Metal organic compounds typically react well below a temperature of 300 °C 
[29, 121-123]. The minimum temperature is dependent on the substance and heating process 
induced into the reactor (being thermal or assisted by plasma) to achieve even lower 
temperatures. The precursor substance must react aggressively and completely (self-
terminated reactions) with the species left on the surface (being a substrate, a half reaction 
cycle or a previous thin film) and not react with its own adsorbents [23]. 
The study of usable reactants is undergoing research to broaden the scope of possibility 
in terms of thin film to be nanofabricated. The precursor selection and categorisation has 
been extensively reviewed in the literature [10, 19, 23, 26, 29, 32, 36, 95, 96, 121-129]. The 
reactants can be generally classified into two groups: metal-organic and inorganic reactants 
(elements and halides) [20, 95]. The metal-organic group can be further subdivided on the 
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basis of direct metal carbon bonds present, and metal organic reactants without direct metal 
bond [95]. 
Table 1.3: Typical precursor requirements [23] 
Precursor Requirements 
Volatility 
Aggressive and complete reactions 
No self-decomposition 
No etching of the film or substrate 
No dissolution into the film or substrate 
High purity 
Non-reactive volatile by-products 
Inexpensive  
Non toxic 
Easy to synthesize 
To form a reaction sequence for a single mono-layer deposition, the saturation density 
and the total surface area of the substrate stipulate form elements of the essential dosage of 
the precursor. Intrinsically, the reaction characteristics, such as flow velocity, inert gas 
pressure, geometry and topology of the reactor and substrate used, and the reaction 
probability per collision (sticking coefficient [23]) form the important factors to the 
efficiency of the material usage [95]. 
1.10 Sample Preparation 
The initial surface conditions, which are the atomic layer formed initially from a sample 
substrate or from the continuation or nanolaminate fabrication of different compositions, can 
be regarded as the crucial property for successful surface reactions to occur to form the ALD 
film. The lack of reactive sites, mostly being hydroxyl layers [11, 110, 130-134], may result 
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in component defects and/or film discontinuities such as “island” formation of the film [104]. 
Similar to other chemical and physical vapour deposition processes (such as CVD and PVD), 
nucleation must occur prior to the growth phase. Minimising the nucleation reaction 
hindrance is critical for atomic control on the thickness, surface roughness and film 
continuation [94].  
1.11 The ALD Windows 
The key to a successful deposition is to allow the reactants to reach the reactive surface 
with enough quantity and time to allow a full-surface reaction. Pressure plays a vital role in 
this process. Pressure defines the impinging flux of reactants onto the surface. At a given 
pressure, the reactants require a specific amount of time to react, and to allow full saturation 
to occur. This time can be adjusted by including long pulse times, adjusting purges (by flow 
rate or time), and allowing additional exposure time. The reactant exposure time can be 
expressed by Langmuir (1 L¼ 106 Torr s¼ 7500 Pa s). This equation consists of the product 
between the partial pressure of the reactant and the pulse and/or exposure time. It is 
preferable to have larger exposure times in which substrates with high aspect ratio structures 
are found. This is to compensate for diffusional limitations and obtain essential conformal 
coating [23]. In addition, the purge and exposure time form another premise for successful 
ALD process and is discussed as follows: 
 Purge and Exposure Time Window 
The purge sequence signifies the unique procedure of an ALD process. Purge periods 
that are too long lead to a waste of purge gases, making the process costly and timely. 
Moreover, excessively long purge times can lead to thermal decomposition of the adsorbed 
species and contamination and/or composition changes in the film [23]. A purge time that is 
too short will result in mixing of the precursors that transition the ALD process to a CVD 
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state. Within a CVD state, the deposition rate caused by the specific precursor/reactant will 
be lower, as the reactive precursors would be consumed homogeneously. Thus causing 
gaseous particle creation and surface nucleation of the homogeneous particles. This 
ultimately results in thin defects, non-uniform, and discontinued thin film [133].  
Likewise, the speed of the injection into the reactors is dependent on the time period. It 
is common practice to release the reactor of all undesirable gases and by-products as fast as 
possible [135]. However, within ALD gaseous mixtures and varying densities, purge 
injection speed plays an important role to achieve a high quality thin film. A study 
contributed by the author considered this effect. Within the study, a 10 sccm pulse flow rate 
is constantly assumed to fabricate an Al2O3 ALD produced thin film. The purge flow rates 
of 5 sccm, 10 sccm and 20 sccm over a substrate in a cross flow arbitrary Gemstar 6 ALD 
reactor were of interest to study the ramifications of purge flow rates [135]. The study found 
that a slower flow rate led to higher surface coverage of the half-reaction sequences. 5 sccm 
obtained full surface coverage, 10 sccm attaining 86% probable coverage and 20 sccm 
obtained coverage of 55%. This partial or incomplete surface coverage might lead to defects 
within the film, along with a low-quality film uniformity [135]. However, the study revealed 
that the ALD process of the 10 sccm purge flow rate possessed moderate completion rates, 
better growth uniformity amongst the cases, and a near-unity surface coverage of AlMe2 and 
the O-atom surface. This resulted in an almost self-limiting process that arrived at a 
conformal growth related to that of previous literature, and falling within the stipulated ALD 
growth [135]. 
Additionally to the purge window, another option is possible to enhance or ensure a 
successful ALD process, namely, the introduction of a retention time. In addition to the pulse 
and purge repetitive a sequence of reactive precursors, a time is introduced, in which the 
momentum of the mixture gases is allowed to flow freely through the reactor. This is 
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accomplished by closing the inlet ports of the reactor. The typical ALD sequential process 
with introduced retention time introduced is seen in Figure 1.5.  
 
Figure 1.5: The typical ALD sequential process with retention time introduced 
In the study contributed by author [136], the introduction of 0, 2.5 and 5 second retention 
time over a substrate with micro-trenches within the ALD process was investigated. By 
utilising a numerical method, the study demonstrates that reaction of some 
reactant/precursors rely heavily on the purging to attain more residence time to complete the 
required reaction. However, this leads to ALD process that doesn’t allow full surface 
coverage and is impacted by the sequential process. This might leave defects and low 
probability of film growth on the surface when the next ALD cycle occurs. The addition of 
a retention time improved not just the surface coverage but also the uniformity of the thin 
film growth across the substrate. Additionally, it is realised that the dominant diffusion-
controlled flow is found within the trenches, and that the dynamic and diffusion-controlled 
regions influence the overall coverage and growth of the thin film [136]. 
The study contributed further to the study by numerically investigating the effect 
between 1 and 10 Torr operating pressure along the ALD process by using the computational 
fluid dynamic approach [137]. To assist in the precursor reaction process, a 2.5 second 
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exposure time is added within the ALD sequence. Here, it was found that the O3 pulse shows 
that more coverage is achieved in the presence of exposure time at higher pressure. The 
trenches appear to be evenly covered, as a 0.58% surface coverage difference is observed in 
the compared tests. Higher pressure displays a greater advantage over the mass fraction of 
the precursor in the process. Superior conformal growth was revealed in the scenario that 
took place within the lower operating pressure. A higher deposition rate may, however, be 
achieved with a higher operating pressure. Under such conditions, the conformal growth will 
be converted in an inferior manner to that of a lower operating pressure [137]. 
 Temperature Window 
To successfully carry out a particular thermal ALD deposition processes, temperature 
constraints exist. The range of temperature within which the growth is saturated depends on 
the specific ALD process, and is typically referred to as the “ALD temperature window”. 
The temperature window schematic represents such a situation in Figure 1.6. The schematic 
illustrates the growth per cycle compared to temperature [95]. Poor growth rates and non-
ALD type deposition are generally the result of temperatures outside of the window[95]. At 
temperatures that are too high, the first chemical reactant tends to decompose on the surface 
before having sufficient time to react with the second reactant, resulting in the growth rate 
being higher than expected. Alternately, the first precursor may also desorb before reacting 
with precursor 2. This results in the growth rate being slower than expected. Conversely, at 
temperatures that are too low, the precursor may adsorb more than a single monolayer per 
cycle, or even condense into a liquid or solid, thus leading to a higher than expected 
deposition rate. Alternately, with low temperatures, the reaction rate might be too slow due 
to the reaction time being too long. In this case, there might not be enough time to complete 
a monolayer. Ultimately, to benefit from the ALD process, it is necessary to operate within 




Figure 1.6: Temperature window for ALD [20, 23] 
1.12 Impact of Reactor Design on Film Deposition 
In accordance with the type of reactor needed, engineers guide their focus to the design 
to obtain high throughput ALD (HTALD), improved cycle time, uniform and conformal 
film, step coverage, precursor penetration, saturating exposure time, with minimal to no 
defects, while ensuring no precursor overlapping, which would lead to CVD-type reactions 
[24]. 
1.13  Reactor Types: 
Historically, ALD reactors were initially inspired by CVD reactors. Even today, some 
research relies on modified CVD reactors to produce ALD in various forms. These modified 
CVD reactors are typically achieved by the incorporation of additional modules that allow 
fast gas switching [95]. Over the years, the engineering and development of ALD reactors 
has grown substantially in industry. This has led to a multitude of industry companies 
specialising in a large variety of ALD equipment and accessories. ALD reactor types are 
unique to the type of ALD process needed; these processes are temporal and spatial, 
Temporal is the most conventional type of process. Temporal reactor types are distinguished 
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as having the substrate inside the reactor (being stationary or on a rotatory platform) while 
the reactor is filled with the reactant and purging gases [23]. Figure 1.7 below illustrates the 
typical temporal reactor types along with boundary layers, as estimated by Coltrin et al.  
[138-140]. ALD has many promising features, however, it also experiences slow deposition 
rates, which is a disadvantage. Most temporal reactor ALD rates fall in the order of 100–300 
nm/h. This is due to the long cycle times involved in pulsing and purging, and the layer-by-
layer nature of the deposition [19, 27]. As such, to achieve a better fabrication process 
multiple aspects must be looked considered to improve, advance, and optimise the 
nanofabrication process. 
 
Figure 1.7: Temporal reactor types for CVD/ALD (Modified form [9, 19, 25, 141]) 
Spatial reactor types can be distinguished by the substrate that is exposed between the 
different zones that a supply continuous flow of reactants to isolated injection regions [23, 
142-144]. This exposure can be obtained by exposing the reactants to the substrate via a 
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spatially resolved head, in which the gas moves over the substrate surface and injects the 
gases (reactive and inert) into the required area. Alternatively, the substrate is moved 
underneath static nozzles, arranged in such a way so that by passing them, precursor cycling 
is attained and the film is grown. Examples of spatial reactor types, such as roll-to-roll and 
linear spatial reactors, are illustrated in Figure 1.8. Spatial ALD (SALD) is specifically 
known as a promising technique that considerably improves throughput [142, 145-148]. 
Typically, spatial ALD techniques can deposit at a rate around 3600 nm/h[149]. 
 
Figure 1.8: Spatial reactor types for ALD: (Top) Roll-to-Roll SALD; (Bottom) typical 
SALD reactor (modified from [20, 144, 150, 151]) 
Additionally, these reactor types can also be categorised by the heating operation of the 
reactor. These heating operations are thermal, plasma enhanced, and radical enhanced, 
amongst others [20]. These types impact the production capability, uniform and conformity 
of the film, and production time. Some, such as the plasma and radical enhanced ALD 
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systems, are designed to allow a lower temperature deposition. This is advantageous to 
substrate materials or films that have low melting points that may lead to the destruction of 
the product at high temperatures [20]. Instances of these heating sources can be seen in 
Figure 1.9. A further and comprehensive explanation of these reactors and their different 
heating operations are provided in the literature [20, 114, 142, 143, 147-149, 151-153]. 
 
 
Figure 1.9: Examples of heating operations for ALD (modified from [20, 150]). (A) Direct 
Plasma ALD; (B) Remote Plasma ALD; (C) Radical Enhanced ALD 
1.14 Complex Reactors for Uniform Deposits:  
To allow the ALD processes to be implemented uniformly within the reactor, 
geometrically complex designs of the reactor are typically made to introduce the gaseous 
chemical precursors, cover multidimensional substrate topologies (one-dimensional to  
three-dimensional substrate), and effectively remove of exhaust gases [9, 95]. Thermal, 
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mass, and chemical kinetic flow conditions can vary at different positions within the reactor. 
For example, certain portions may be insulated, while others are controlled by the transition 
of mass diffusion control to kinetic control regime to finally achieve the desired deposition. 
Therefore, deposition may occur on some surfaces, whilst other surfaces are chemically inert 
to inhibit deposition or other heterogeneous reactions. The fluid flow is an important element 
in the successful achievement of uniform and conformal deposition [13-15, 24, 98, 154-156]. 
Most reactor designs are challenged to allow full three-dimensional flow over the substrate 
topology. As such, designs are typically developed to deliver lower dimensional results, for 
example, flat one-dimensional semiconductors, and two-dimensional trenched or nano-
pored surfaces [9, 19, 25, 157].  
A popular design mostly accustomed to CVD is the addition of slowly revolving the 
substrate on the deposition platform [9]. However, assuming that the growth is limited by 
fluid-mechanical transport, ALD may benefit from this design, as the wafer revolving serves 
to continuously exchange portions of the substrate to the regions of high exposure. By doing 
so, the reactive surface within ALD can be exposed evenly and have more uniform growth 
as a result. This can be significantly beneficial to cross-flow configuration type reactors. 
Rotation of the platform can be seen as a two-dimensional boundary flow within a relatively 
low rotation rate. In a fast rotation rate, the flow will become more complex, and a three-
dimensional boundary flow is developed [9]. Such designs are illustrated in Figure 1.7. 
Another approach that assumes the effects of transport-limited growth by controlling the 
boundary thickness to serve the growth rate is the inclination of the reactive platform (or the 
roof of the channel). By the inclination, as seen in Figure 1.7, flow must accelerate over the 
substrate. The result of doing so is that the boundary-layer growth is suppressed, resulting 
in a more uniform film deposit thickness than would have been present without the flow 
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restriction. The combination of a rotating platform along with the inclination could also be 
beneficial to the reactor design [9]. 
1.15 Reactor Designs for Specific Flow Configurations:  
The fluidic motion of the gases flowing within the reactor is designed in accordance to 
achieve the two fundamental growth mechanisms in ALD, these being the achievement of 
the chemisorption saturation process and sequential surface chemical reaction process [95]. 
Additionally, this allows for an efficient supply of reactant to reach the reactive substrate 
surface to form one monolayer of coverage, while exhausting the excess material and by-
products effectively so that the deposition is not affected. The overall configuration of the 
ALD system includes control modules/manifolds/injectors for sources of gas flows, a growth 
chamber with an appropriate flow dynamic design, temperature controls for the growth 
chamber and heated sources for materials (pre-heaters, chillers and bubblers), exhaust 
devices, and vacuum pumps. 
Flow configurations can be subjected to multiple effects to disrupt the encouraged 
laminar flow. These configurations are buoyant forces, geometrical objects, sudden 
reduction and/or expansion, and the mixture of species, amongst others. It is possible to 
predict such complex, often transient and even chaotic flows with computational fluid 
dynamic models. Thus, the need for the model-based design of ALD reactors is escalated 
[9].  
To achieve an efficient flow configuration, reactor flow process components are of great 
importance. These components include the understanding of the mass and volumetric 
transfer phenomenon inside the reactor, the convective heat and mass transfer effects above 
and on the substrate (buoyancy effects and convection induced circulation and instability), 
flow disturbances (laminar, transitional and turbulent flow); and the streamlined motion 
through the entirety of the reactor which includes, but is not limited to the flow over obstacles, 
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sudden expansion (such as backward-facing step phenomena) and contraction (such as 
incline substrate situation), and flow resistance.  
Along with flow disturbances that deter flow stability and deposition uniformity, there 
are also other factors of reactor designs to be considered. A crucial problem is the precursor 
flow that does not directly interact with the deposition surface. Typically, the gas is 
transported away from the surface and in some cases, turns toward the exhaust before 
entering the boundary-layer above the deposition surface. This is typically seen in the case 
of high flow rate and thin boundary-layers. This will cause costs to rise as the expensive 
precursor is wasted and not allowed to be fully utilised with the reactor [9].  
 
Figure 1.10: Examples of reactors 
ALD also has the ability to inject through multiple modules/injectors/manifold sources 
from multiple directions. Examples of such reactors are illustrated in Figure 1.10. The two 
reactants A and B can flow into a reactor from two offset manifolds moving in a horizontal 
flow, as seen in designs such as Gemstar ALD reactors [135, 158, 159]. Alternatively the 
reactants A and B are injected from perpendicular sources as found in the four injector 
designs typically seen in Picosun R-series reactors. These injections can be achieved by 
activation of one or multiple injector/manifold/module sources. This provides a unique 
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ability to coat the surface evenly and/or control the reactive volume entering the reactor 
chamber. Inlet designs are of significant importance in order to identify the fluid motion, 
thermo-fluid motion, mass transfer flow, and chemical kinetic behaviours of the ALD 
process. 
Fluid flow configurations are also impacted by the exhaust process involved in the 
sequential steps of ALD. Fluid consisting of reactant, by-products, purge substance, and/or 
a mixture of these fluids can be removed from the chamber by either purging via purging 
gases or evacuation via vacuum pumps [32, 95]. System flow configurations differ greatly, 
and the interaction of the fluid species is affected in regards to the exhaust process between 
the sequences of ALD [32]. Species can mix and diffuse, interact between volumes, have no 
interaction, or assist in fluid momentum as a carrier gas in which interaction between species 
and diffusion of species can occur. The selection of exhaust gas types is dependent on the 
precursor selection, and in some cases may benefit from not having a purging carrier gas 
[23]. Additionally, the evacuation can be continual, in which the vacuum pump continuously 
pumps from the reactor to allow continuous flow. The evacuation can also stop flow 
momentum by closure of the vacuum exhaust to allow the reactant to fill the chamber. 
Summatively, the ALD reactor flow configurations can be further classified into three types: 
a) Continual inert carrier gas flow reactors  
b) Continual separated gas flow reactors 
c) Evacuated high or ultra-high vacuum reactors  
Flow reactors are more popular and commercially obtainable ALD reactors. This is due in 
part to the fact they achieve a high precursor efficiency, coupled with rapid growth cycles. 
The purging steps under the viscous flow mode are also faster compared to the evacuated 
high vacuum reactors. Utilisation of the precursors has a higher efficiency in flow reactors 
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than high vacuum reactors, as, in the latter, a lower reaction probability is seen as the 
precursors hardly collide with the reactive substrate surface before being pumped out from 
the reactor. Hence, flow reactors are favourable for implementation into industrial scales due 
to the fast completion of exposure and purging that results in a more cost effective process 
[95]. 
The continual inert carrier gas flow reactors, also known as travelling wave reactors, 
involve the reactant flowing into the reactor along with an inert carrier gas. In both flow 
reactors, the reactant strikes the substrate surface several times during its transfer through 
the reactor before being pumped out. These flow reactors result in a higher reaction 
probability, and speed up the process by improving the saturation of the chemisorbed layer 
[95]. However, the flow velocity and mass transfer of the reactant are dependent on the flow 
configuration, which can hinder the ALD process, as previously mentioned.  
The temporal ALD reactors can be classified in different ways. Two popular design 
configurations that are adopted in reactor designs for governing gas flow motions are:  
A. Cross flow reactors 
B. Top-to-bottom stagnation flow reactors   
Examples of such reactors can be seen in Figure 1.4. In cross-flow reactors, the gas tends to 
flow parallel to the substrate surface in the reactor. Cross flow type reactors provide a 
reduced reaction volume and good material utilisation efficiency. These reactors do however 
suffer non-uniformity from the leading to the trailing edge due to multiple occurrences, such 
as fluid flow avoidance, chemical consumption, and flow disturbances. Therefore, 
complicated reactor designs are needed, and as such limited to industrial purposes [95]. 
Similarly, another design is the bottom-to-top cross flow, in which the gas is injected from 
the bottom to collide with the roof of the reactor, and then transported parallel to the substrate. 
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This can reduce the overall design needed for the ALD reactors, as most inlet and exhaust 
ports and equipment cannot be placed in a horizontal design structure, but rather should be 
placed below the reactor. This makes the overall ALD machine more compact. However, 
these reactors suffer greatly from flow deviation over the substrate that might lead to some 
ALD recipes missing the possible impact on the required surface. This being said, the types 
of reactor modifications have been well studied in literature due to their simplicity and cost 
to verify the ALD process experimentally [31, 75, 150, 155, 160-162]. 
Within the top-to-bottom stagnation flow reactors, the gas flows perpendicular to the 
substrate surface. Flow configurations of these reactors can differ greatly with regards to the 
overall reactor geometry and surface topology. Additionally, shower heads, perforated plates 
and distribution porous chambers can be included within the designs to assist the flow in 
obtaining higher flow coverage of reactive precursors and encouraged laminar flow [19, 20, 
95]. The source flux is uniform in top-to-bottom type reactors, and even more so in reactors 
configured with a form of a shower head/perforated plate/porous medium. However, the 
purge time is relatively long due to the chamber volume being much higher than in cross-
flow reactors. It is a continual pursuit in research to design shower heads to improve the 
conductance, porosity, and transfer phenomena in order to fully understand the ALD process 
[9, 163-166]. The head injector ALD-type reactors have a much simpler overall design than 
that of a reactor with a shower head or cross flow reactors. The pulse and purge occurs 
directly in the reactor domain, and the film growth is uniform over a large area without any 
source depletion [95]. However, these do suffer from flow disturbances, lower uniformity in 
short operational cycles, increased production times, and high precursor volume 
consumption that result in higher operational costs. In Table 1.4, a comparison of the 




Table 1.4: Reactor flow configuration (modified from [20, 75, 95, 117, 150, 160, 167, 
168]) 
Gas flow configuration Structure Advantages Disadvantages 
Cross flow 
 







uniformity due to 
source depletion 
at inlet area  
Complex reactor 
structure 




















Offers easier Purge 
and easy maintenance 
No source depletion  









Uniform source flux  










 Difficult to 
realize pure ALD 
system 
(A and B illustrates Pulse of different reactants, Purge separated) 
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Another form of classification of ALD reactors is based on the wall temperatures within 
the reactor [19, 20, 95]. It can either be: 
i. Hot wall reactors. Here the gas, substrate and reactor walls are heated to 
approximately the same temperature. 
ii. Cold wall reactors. The substrate is heated only over a susceptor while the walls are 
kept at (or slightly warmer than) room temperature. 
In addition, these temporal reactors can also be configured to deposit a single wafer or 
multiple samples known as a batch reactor [19, 20, 95]. In this work, the focus was narrowed 
to hot wall cross flow ALD type reactors.  
1.16 Problem Statement 
As atomic layer deposition (ALD) technology has advanced in recent years, interest in 
utilising this technique to decrease the size of novel products has amplified. Moreover, there 
are no signs of abatement in the near future, as the maturing ALD technique has 
demonstrated characteristics such as good uniformity, as well as conformal and pinhole free 
films over complex topography.  
In the literature, the majority of research was identified as focusing on the experimental 
products of film properties and characteristics, and few numerical studies have been 
accomplished in researching product film behaviour in the ALD reactor process. This leads 
to ALD facing an impasse without knowing enough details about the transient response and 
its underlying physical and chemical processes in its experimental studies, and results in 
studies failing to shed adequate light on the details of the ALD process. A successful 
progression for thin film growth and development can only be achieved if the deposition 
process and reactors are understood and improved [169].  
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In experimental literature, data are often presented in a form that suggests that ALD 
deposition characteristics are independent of the type of operation recipe and specific 
reactor. Rather that it is determined by operating conditions (such as pressure, temperature, 
and concentration) only. The implied principal assumption is that the local process 
conditions close to the deposition surface, which determine the film growth, are equal to or 
unambiguously related to, the process conditions in the reactor inlet, not reactor specific 
orientation (top-to-bottom or crossflow) nor the design. This is generally not applicable to 
the actual ALD process. Although ALD is known to be a self-limiting process due to its 
unique sequential pulsing and purging steps and growth control of the film, this is only 
obtainable if all factors have been met. This is due to the fact that the local near–the–surface 
process conditions are related to the inlet, and reactor design conditions through reactor 
dependant interactions between the gas flow, heat and mass transfer, and chemical kinetic 
reaction. The dependency of such studies is illustrated in Figure 1.11. An engineer or 
scientist is frequently challenged with the task of developing a simulation to explain an 
observed physical phenomenon or to assist in the design and optimisation of a system or 
process. The task is facilitated significantly by a capability to quantitatively predict the 
outcome of a contemplated alternative. 
The study of the mechanical and fluid flow effects that impact the ALD process is an 
ever-growing process. The objective of these studies is to understand the underlining physics 
and chemistry behaviours of the nano-manufacturing process and provide information 
relating to specific occurrences, optimisation, and efficiency of the entirety of the ALD. 
While ALD has many promising features, it also experiences slow deposition rates due to 
the long cycle times involved in pulsing and purging precursors and the layer-by-layer nature 
of the deposition. As such, to achieve better fabrication process, multiple aspects must be 




Figure 1.11: Reactor dependent interactions between hydrodynamics, transport phenomena 
and the chemistry kinetic reaction to determine the relation between inlet conditions and 
film growth [15] 
1.17 Aims and Objectives 
 The Aim 
This study aims to contribute to the growth and development of thin films by means of 
atomic layer deposition (ALD). It aims to investigate the ALD process throughout its 
physical and chemical phenomena by using a variety of reactor topology designs, precursors, 
inert purge substances and substrate recipes. By doing so, the study aims to contribute to the 
understanding of the unsolved fundamental issues, such as slow growth rate and the 
stoichiometry, defect prediction, and conformal and uniformity quality of the deposited 
ultra-thin film. Intrinsically, the study aims to develop numerical models to provide 
information towards 
I. new innovative designs behaviours incorporated within the ALD process,  
II. solve critical issues (such as film defects, low-throughput, poor growth due to flow 
phenomena, among others), and the  
34 
 
III. optimization of process parameters for improved film quality with reduced 
environmental and economic impact.  
Specifically, the study aims to investigate the behaviours found within the design topological 
effects, fluid flow phenomena, heat and mass transfer, along with the heterogeneous 
chemical reactions within the atomic layer deposition process. The research results aim to 
be useful for the development of energy-efficient ALD production systems and the 
enhancement of the sustainability performance of ALD technology in large-scale industrial 
applications. 
 Specific Objectives 
The research proposed in this study is to develop mathematical models to simulate the 
dependent interaction of the precursor flows, heat and mass transfer, and chemical kinetics 
in the reactor. These simulations assist in the understanding of the deposition process and its 
emissions in ALD nano-manufacturing systems. Intrinsically, the purpose of this research is 
to validate the mathematical models via experimental comparison of characteristics of the 
deposited film from ALD operating processes. Specific focus is given to: 
i. The fundamental investigation of cross flow temporal ALD reactors.  
The main objective is the investigation of the unique behaviours identified from the 
incorporation of different injection manifold designs into the ALD reactor domain. The focus 
is on the fundamental behaviours and dependent interaction of the fluid flow, mass transfer, 
growth dynamic performance and chemical reactions within three-dimensional arbitrary 
reactors. Reactors are based on laboratory scale hot wall cross flow temporal reactors. The 
effect and film quality is compared between the reactor utilizing either a cylindrical ported 
or a slotted manifold. These studies are based on the creation of Al2O3 thin film. 
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ii. The flow ramifications due to the backward-facing step phenomena and non-
laminar flow within an ALD process.  
Through industrial ALD process recipes for the fabrication of Al2O3, a two-dimensional 
study is investigated to identify critical issues and the underlying singularities of the 
transitional and recirculation phenomena observed in the ALD thin film process. 
Deformation, vorticity and the evolution thereof in a flow field are analysed along with 
topological fluid dynamics of the backward-facing step (BFS) phenomena and the 
recirculation flow patterns typically found within a horizontal ALD reactor. The focus is 
placed on investigating the saddle points in the resulting vortex shedding, eddy distortion 
and recirculation, with the intent of gaining insight into the effects these phenomena have 
on thin film formation and growth in a typical ALD process. The topological analysis is to 
identify the critical issues found due to step height alterations and injection speed variations 
along the mass transfer and chemical reactions phenomena’s within the ALD process. 
Additionally, it is needed to investigate the reason for the growth deviation within the BFS 
phenomenon characteristics. This analysis needs the evaluation of the deposition rate in 
relation to the Damköhler number and the concentration thickness near the surface. By doing 
so, allowing the identification of the transition of the transport limited to the kinetically 
limited controlled reaction within the ALD process is identified within the BFS 
phenomenon. 
1.18 Methodology 
This quantitative study investigates (via numerical modelling) the atomic layer 
deposition process. Numerical models are to be investigated by computational fluid 
dynamics (CFD). This can be achieved by developing reactor scale simulations of various 
ALD arbitrary reactors and investigating the flow, heat and mass transfer, along with 
chemical reaction of the ALD process. CFD is accomplished by using commercially 
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available simulation packages, namely ANSYS Fluent and ChemkinPro. These simulation 
studies are accomplished by studying two- and three-dimensional continuum domains of the 
ALD reactors. Chemical kinetic mechanisms are provided from database sources of ANSYS 
ChemkinPro. Three dimensional arbitrary reactors are designed using the SolidWorks design 
software. Then ANSYS workbench is used in which the reactors are geometrically designed 
and modified for mesh grid process to be used along the ANSYS fluent software. The 
simulation process was accomplished by utilising the national high computing resources of 
South Africa, namely the centre of high performance computing (CHPC). Intrinsically, data 
analysis are accomplished by using CFD-Post processing commercial packages. Graphical 
illustrations of the data and data trends are analysed via OriginPro commercial software. 
Data and data trends are compared with experimental literature and technical reports. 
Intrinsically, mesh and time-step independence studies are accomplished by grid or time-
step comparison. 
1.19 Delimitations 
This research thesis is limited to the study of the thin film growth via atomic layer 
deposition to grow nano-thin film of Al2O3 by utilising trimethyl-aluminium (TMA) and 
ozone (O3) as precursors. Argon is specifically used as the inert gas. Specifically, the 
dependent interaction of the design topology effects, fluid flow phenomena, heat and mass 
transfer behaviours, along with the heterogeneous chemical reactions within the atomic layer 
deposition process are studied. Hot-wall cross flow temporal type reactors are utilized for 
simulation.  
Through industrial ALD process recipes, the transitional and recirculation phenomena 
observed in the ALD thin film process revealed a significant effect on the effective formation 
and growth of the thin film on the substrate. The fundamental depended interaction 
phenomena’s throughout the ALD reactor domain are analysed, firstly, by utilising the three-
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dimensional ALD reactor design with either a slotted inlet manifold or cylindrical four port 
injectors. Intrinsically, the in-depth study is accomplished by utilising symmetry arbitrary 
reactors (halved reactors) of the different injection designs. This is used to obtain more detail 
of these unique designs on the overall ALD process. Chemical reaction mechanisms are 
obtained by ChemkinPro databases to predict the growth of Al2O3 along with ANSYS 
Fluent. 
The second case study focuses on arbitrary two-dimensional cross flow temporal reactors 
to specifically investigate the backward-facing step phenomena. Intrinsically, the non-
uniform and recirculation ramifications throughout the reactor domain are brought into 
focus. The focus is highlighted on these interaction effects on the ALD thin film growth 
process. Deformation, vorticity and the evolution thereof in a flow field play a critical role 
in the structure of such systems. Subsequently, topological fluid dynamics are used to 
analyse the two-dimensional numerical simulations of the backward-facing step (BFS) 
phenomena and the recirculation flow patterns typically found within a cross flow atomic 
layer deposition reactor. Emphasis is placed on investigating the saddle points in the 
resulting vortex shedding, eddy distortion and recirculation due to the BFS phenomena, with 
the intent of gaining insight into the effects of such phenomena on the chemical reacting 
flow for the thin film formation and growth in an ALD process. Topological analysis is 
conducted for the various step heights that are utilised within the ALD thin film process. 
Secondly, the impact at various flow rates injected into the reactor are analysed and 
compared. Here, the ramifications at different injection velocities are tested with the size 
implications of the recirculation phenomena within the chemical reacting flow of the ALD 
nano-thin film fabrication process. This is specifically analysed for the effects of the 
transition of the mass transport, diffusion and convection that takes place between the 
kinetically controlled and diffusion controlled regime. The analysis of the flow structures is 
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presented via computational fluid dynamics and allow the utilization of the continuum scale 
to investigate the growth, deposition rate, mass fraction, and surface coverage within the thin 
film process. 
1.20 Significance of the Research 
The current study contributes to the continuous endeavour towards the in-depth 
understanding of nanotechnology processes. Emphasizing the vapour deposition technique 
popularly known as the atomic layer deposition. Significant interest is stressed towards 
combining multiple disciplines, namely mechanical engineering, reactor designs, fluid 
dynamics, heat and mass transfer, chemical kinetics, and numerical system modelling 
towards the prediction of nano-fabrication of surface sciences. 
The study focus on contributing process behaviours of metal oxide type films fabricated 
by hot wall cross flow temporal ALD reactors. Especially the growth of Al2O3 films. The 
results contribute towards the observation of cross-flow reactors and plug flow reactors 
respectively. Emphasis are on the mechanical and mechanistic factors (geometry influences, 
surface topography, fluids flow, mass transportation, and thermodynamic aspects), chemical 
factors (precursors, purge, operational recipes, chemical reaction kinetics, mechanism 
creation), and material factors (spotted or continuous film, uniformity, growth dynamics). 
To study such effects the research contributes towards investigating the film growth 
dependency towards reactor design and reactor geometrical influences (step height, and inlet 
configuration); chemical reacting flow dynamics; fluidic phenomena (backward-facing 
steps, sudden expansion, recirculation zones, laminar to turbulent flow); and reactors 
operating recipes (boundary conditions, inlet temperature, ALD pulse/purge time, flow rate, 
pressure, growth temperature). A relation is made between arbitrary reactors to describe the 
in-depth phenomena to that of industrial reactors. Both industrial and arbitrary reactors are 
modelled and these phenomena compared. Furthermore, contributing towards the 
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understanding of computational methods to describe the ALD process by using 
computational fluid dynamics along with chemical kinetic databases. These models 
contribute towards modelling to assist in the identification of the (i) fundamental behaviours 
within the reactor scale (ii) insight to experimental behaviours and rate-limiting 
identification (iii) optimization of the reactor designs and process operation (iv) and the 
prototyping of new micro/nano materials and technology. The study purpose is to further 
these models and contributions along with the unique sequential operation of ALD. These 
models thus enable ALD reactor and process designers to develop optimal and efficient 
systems, while providing clear phenomenal insight to the properties of the ALD process. 
This will ultimately lead towards contributing solutions to some of the impasses ALD is 
facing in its transient response and its underlying physical and chemical processes in its 
experimental studies. Thereby, shedding adequate light on the details of the ALD process. 
Allowing for a successful progression for thin film growth and development by exploring 
the deposition process and reactors to improve and advance the process to produce creative 
nano-material, cutting-edge technologies and innovative products. 
1.21 Outline of the Thesis 
CHAPTER 1: INTRODUCTION 
Introducing the background; identifying the problem; the research objectives; the 
delimitations and definitions; methodology and the significant contribution of the research. 
CHAPTER 2: LITERATURE REVIEW 
This chapter compiles all necessary information from the literature and previous research 
studies, related to the investigation. Emphasizing on the in-depth understanding of the 




CHAPTER 3: THEORETICAL ANALYSIS AND NUMERICAL MODELLING 
The theoretical, numerical model and identified boundary conditions which involve the 
calculation procedure to examine the systems. Additionally, the chemistry data is elaborated 
and the computational workflow procedure is reported. 
CHAPTER 4: THE FUNDAMENTAL INVESTIGATION OF CROSS FLOW 
TEMPORAL ALD REACTORS.  
The assembling of the required numerical simulation environment of the general three-
dimensional cross flow reactors based on the laboratory scale ALD reactor with different 
inlet designs is identified and result of the simulations presented and discussed. The section 
include mesh independent studies of the specific reactors and validation to experimental 
comparison and technical reports. The overall results and discussion for the fundamental 
investigation of the unique injector designs to fabricate Al2O3 thin film is presented. This 
includes discussions, restrictions, and discrepancies of the results. 
CHAPTER 5: THE FLOW RAMIFICATIONS DUE TO THE BACKWARD-
FACING STEP PHENOMENA AND NON-LAMINAR FLOW WITHIN AN ALD 
PROCESS.  
The assembling of the required numerical simulation environment of the arbitrary two-
dimensional cross flow reactors is identified and result of the simulations presented and 
discussed. The section include mesh independent studies of the specific reactors and 
validation to experimental comparison and technical reports. The overall results and 
discussion for the fundamental investigation and critical issue identification of the backward 
facing step and recirculation flow phenomena’s are reported to fabricate Al2O3 thin film. 
Firstly, the effects of the step height alterations. Secondly, the injection speed variation 




CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS  








The pursuit to understand the complexity of the physical and chemical phenomena of a 
chemical reacting flow reactor is ever-growing. Multiple methods of describing the effects 
have been utilised in research. Moreover, researchers, engineers and scientists have 
contributed to the understanding of these significant endeavours by using these methods to 
answer a research question. Within this chapter, a review has been written to identify the 
research that has been accomplished within ALD and CVD. An emphasis is placed on 
numerical methods. Moreover, the fundamental literature that is needed to comprehend the 
sections of the research field is elaborated upon. The focus of the study is aligned towards 
the significance of the ALD process. The review commences by elaborating on the 
computational methods used to simulate an ALD process. Literature that deals with ALD 
using CFD is stressed. Then, a review on chemical reacting flows in which diffusion and 
CVD is given emphasis to. In conclusion, a review is made on the sudden expansion 
phenomena. Prior literature stresses both the need for and the lack of research on this 
phenomenon within the ALD manufacturing process. 
2.2 Computational Numerical Methods on Atomic Layer Deposition 
In the modern era, computational modelling has become a valuable resource in 
evaluating and analysing complex engineering problems. These models assist academic 
researchers and those working in industry in numerically understanding the behaviour of 
their set problems. Additionally, with further significant advances in computational abilities, 
scientists and engineers are better equipped to make necessary assessments and judgements 
on the design process. Thereby, virtual product development is promoted in industry, an 
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approach that is often described as a “zero prototype experimentation”. This conceptual 
design approach favours large and experimentally expensive projects, such as construction, 
aerospace and automotive industry. Currently, this technique does provide a valuable 
approach to experimentation and analytical analyses. However, it is still seen to only play a 
complementary role [170, 171]. The objective of various mathematical models employed in 
numerical computations, and in vapour deposition techniques (such as CVD, and ALD, 
among others), is to relate performance measures (deposition rate, growth rates, uniformity, 
compositions, and interface characteristics) to operating conditions (pressure, temperature, 
velocity, reactant concentration and process injection recipes) and reactor geometry [172]. 
Although ALD is capable of depositing many different types of materials as layers, the 
details of its physical-chemical processes are not yet well understood [75, 76]. 
Generally, ALD process studies are divided into two categories, namely experimental 
and numerical. It has been established that there are several quantifying methods for the 
ALD process. These methods contributions and impasses towards various existing levels, 
scales and category models that explain the ALD process is identified [152].  
Experimental studies exist to investigate the ALD process through adjustments of 
abundant experimental conditions such as process, pressure, concentration, and temperature 
[75]. In literature, an earlier experimental approach was focused mainly on the outputs, such 
as the growth rate, and film properties, without the adequate knowledge and information 
needed to explain the ALD process. The ALD experimental results were limited by 
economic, technical, and time feasibility due to insufficient knowledge and information 
about the transient process. Further, determining material and process characteristics by 
experimental investigation is time-consuming and expensive. However, researchers have 
become increasingly aware of the advantage of recent progress in computing technologies, 
to study the chemical kinetics and physical interactions of ALD numerically [75]. In 
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addition, the use of simulations to predict the effects of numerous processing parameters is 
becoming a more preferable option [173].  
Computational models assist researchers in the atomic layer deposition process to 
understand and predict the effects of parameters on both process characteristics and the final 
thin film product [88, 174, 175]. A successful progression for thin film growth and 
development can only be achieved if the deposition process and deposition reactors are 
understood and improved [169]. This review therefore investigates and evaluates several 
ALD process quantifying methods and discusses various existing levels, scales and category 
models that explained the ALD process, and the impact thereof.  
The numerical method attempts to describe the ALD process in its numerous scales. The 
main characteristic of the ALD process is that it is a multiscale process. This scale initially 
includes a feature scale that is the summative process of the molecular level; this feature 
scale comprises of the species chemisorption, atomic bond formation and also the nano-film 
deposition. Additionally, the material interactions, geometry effects, and energy transport on 
a macroscopic level (reactor scale) are also included within the multiscale process [31, 75, 
155].  
The main problem with the feature and reactor scales involves the disconnection between 
them, where neither scale adequately addresses the other, resulting in limited predictive 
capabilities for deposition or etch processes over the substrates [176-179]. A third scale is 
then introduced, in order to contribute in solving this problem called: the mesoscopic scale. 
Mesoscopic scale simulations allow the continuum laws to remain valid, while attaining their 
net fluxes from the feature densities. This is achieved by coupling and decoupling between 
the reactor and feature scale processes by assessing an element on the reactor scale mesh 




Figure 2.1: Illustration of the macro/reactor, mesoscopic and feature/molecule scales in 
ALD (Author’s own illustration) 
These corresponding scales signify the fluid flow, and regardless of which scale or 
technique is utilized, the general conservation laws in the macroscopic world must 
eventually be satisfied. These laws are the conservation of laws of mass, momentum, and 
energy. Thus, the corresponding variables (such as the velocity, pressure, and temperature) 
can be estimated using several kinds of sensor equipment [180].  
The classification of the flow type is defined by the Knudsen number (𝐾𝑛). A system can 
be seen to be in continuum (𝐾𝑛<0.1), free molecular (𝐾𝑛≥10), or transitional (10>𝐾𝑛>0.1) 
according to the gas flows pressure, temperature, and the characteristic reactor dimensions 
[181, 182]. ALD includes both large and small Knudsen numbers [162]. The Knudsen 
number can be defined either as the ratio of the mean free path and the characteristic length, 
or alternatively as the molecule-wall to molecule-molecule collisions [181, 182]. These 
Knudsen numbers are used to indicate which formulation to use for a specific situation. In 
other words, as the mean free path becomes comparable to, or even larger than, the 
characteristic length (high 𝐾𝑛 number), the particle nature of matter must be considered. The 
continuum assumption breaks down as the scale leans towards the micro- and nano-scale 
processes [170]. To elaborate, where very small Knudsen numbers exist, the Navier-Stokes 
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equations with no-slip boundary conditions can be used (continuum flows). Otherwise, in 
the case of large Knudsen numbers, statistical mechanics can be used, where the Navier-
Stokes equation is seen to be no longer valid (in terms of molecular flows) [162, 183].  















𝑃 is the fluid pressure (Pa);  
𝑙𝑔 is the effective diameter (m);  
𝑘𝐵 is the Boltzmann constant (1.3807x10
−23 J/K);  
𝑇 is the temperature of the fluid (K); 
𝑙 is the characteristic length [184].  
In addition, within a typical ALD process, two or more different molecules are present, 
an example of this is formation or use of a mixture within the process of reactant (species 
A) and carrier gas (species B). In this case, the mean free path must be adapted [23]. 
Chapman S, et al. [185] derived a specific scattering length 𝜆0,𝐴  (m) that takes into account 







Here,𝑚𝑖(kg) represents the mass of the molecules. The cross-section between the molecules 
with radii 𝑟𝑖 (m) is presented by: 





Figure 2.2 illustrates the relationship between computational efficiency, Knudsen number, 
system complexity, and simulation size of the numerical modelling methods described in 
this work.  
 
Figure 2.2: Advantages and compromises of numerous methods in describing fluid flow at 
different scales (modified from Liao, et al. [180], Raabe [186]) [152] 
The illustration shows the advantages and compromises from transitioning from the 
macroscopic scale to the microscopic/nano scale. Here the system complexity per volume 
increases towards the microscale. Additionally, the Knudsen number will also increase as 
the volume with no particle space in between (continuum approach) moves towards a cluster 
of small particles (molecular dynamics). However, the computational efficiency per volume 
and system size will decrease [152]. As these transitions occur, mathematical models were 
created to solve fundamental problems and explore the behaviour between the scales [170]. 
The models can be organised from the most fundamental level such as molecular dynamics 
towards Monte Carlo’s method, to the lattice Boltzmann method, and finally to the 
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continuum approach. The mathematical models used to describe the interactions of atoms, 
ions and molecules in this hierarchy of approaches is seen in Table 2.1. 
Table 2.1: Levels of models of many-body interactions (Obtained from E.S. Oran, et al. 
[187] and Tu, et al. [170]) 
Equation Solution method 
Newton’s Law 
𝑭 = 𝒎𝒂 
Molecular Dynamics ( deterministic, 
particle-based, prescribed inter-particle 
forces) 
Liouville equation 
𝒇(𝒙𝒊, 𝒗𝒊⃑⃑  ⃑, 𝒕), 𝒊 = 𝟏,𝑵𝒑 
Monte-Carlo methods( statistical, 
particle-Based methods)- DSMC 
Boltzmann equation 
𝒇(𝒙, ?⃑? , 𝒕) 
Binary collision (low density) 
Direct solution-LBM 
Navier-Stokes equation 
𝝆(𝒙, 𝒕), 𝒖(𝒙, 𝒕) 
Short mean-free-path 
Direct solution: finite-difference, finite-
volume, spectral methods, and so on 
(continuum flow methods) 
 
2.3 Continuum Approach /Computational Fluid Dynamics 
The continuum approach has the highest computational efficiency per volume and 
demonstrates the smallest Knudsen number. The fluid is seen as a continuous medium in this 
method, meaning that the domain is fully filled with no space between particles. It is solved 
based on the continuum assumption and Newton’s law of motion, which implies deriving 
the typical Navier-Stokes equations (second order nonlinear partial differential equations) in 
fulfilment of the general conservation laws [180]. The governing equations in this case are 
the conservation of mass, momentum, energy and mass species along with the physical 
chemical reaction rate. 
Since the Al2O3 thin film process illustrates an “ideal ALD”, it has been the focus of a 
variety of numerical studies to illustrate the behaviour of the reactor scale. M.R. Shaeri, et 
al. [31] utilised this technique to investigate the reactor inlet position [161, 162], multi-inlets 
[155, 162], and the effects of high substrate temperatures [31, 162]. D. Pan [150], examined 
49 
 
the spatial ALD gap and concentration effects and pumping pressures [150, 188], purge 
times and flow rates [75, 150] by utilising this method. The results from both studies agreed 
with the results obtained through experimentation and those found in previous literature. 
These studies have been carried out by means of a three-dimensional plane continuum 
approach. The continuum-based finite volume method adopts the concerned domain as a 
continuum in a viscous flow reactor. Typically, this model is used to investigate the fluid 
dynamics, heat transfer, and chemical kinetics in a coupling-decoupling approach to analyse 
the reactor scale in correspondence with the flow of finite control volume [31, 75, 131, 155, 
188].  
One of the key uses of this method is to optimise the ALD process quantitatively by 
analysing parameters such as temperature, precursor mass fractions, mass flow and pressure. 
Deng, et al. [163] determined that a higher temperature within a reactor increases the growth 
rate and accelerates the surface deposition processes. However, temperature had little impact 
on precursor distribution in the chamber. Both of their simulation and experimentation 
results revealed that the gaseous velocity impacts the mass flow rate and chamber pressure. 
Thereby, it was revealed to be the determinant factor for minimising the cycle time [163]. 
Such quantitative models investigating the “open box” process of ALD are informative for 
improving the process at large manufacturing stages, and replacing massive experiment runs 
in industry. 
Holmqvist, et al. [189] investigated the ZnO film thickness in a continuous cross flow 
ALD reactor. This was accomplished through the mechanistically complex interaction 
between gas-phase fluid dynamics, the mass transport of individual species, and the 
heterogeneous gas-surface reaction mechanism, typically found in the continuum ALD 
approach. The study focused on the optimisation and control of the film thickness profile. 
Additionally, it is possible to evaluate the impact of changing operating parameters such as 
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the local coordinate variable, process cycles, and temperature. Later Holmqvist, et al. [190] 
validated the model experimentally under a wide range of operating conditions. Furthermore, 
the model presented a framework for future research efforts in the ALD field.  
Another critical function of CFD modelling is the optimisation of reactor geometry. 
Zhang, et al. [165] studied the three-dimensional design of a cylindrical showerhead reactor. 
Their focus was to investigate how the precursor flow can be improved from the current 
design in contradiction of the introduction of a volume adjusting horn inlet. Additionally, 
the emphasis was on investigating these inlet designs with different showerhead 
configurations. These configurations were an industrial standard orthogonal showerhead, a 
radially modified showerhead for well-developed inlet flow, and the radially modified 
showerhead for use with a small inlet and a modified upstream flow. Zhang, et al. [165] 
utilised a multiscale CFD/Monte Carlo approach to model the thermal ALD process. From 
the results, it was seen that this geometry changes led to the reduction of about 39.6% of 
half-cycle residence time. Later Ding, et al. [191]used the CFD/Monte Carlo results with a 
machine-based modelling of SiO2 to predict ALD growth from mechanical process operating 
parameters. This addition to industry obtained from CFD based modelling can lead to 
process engineers predicting ALD behaviours in real-time, resulting in significant reduction 
in operating trial-and-error cost and expensive and time consuming experimentation. 
Lankhorst, et al. [154] utilised the software Multi-physics CVDX to simulate a large 
multi-wafer vertical batch ALD reactor. Multi-scales were imploded to couple the 
continuum reactor scale simulations with those of molecular trench scale simulations. From 
the high aspect ratio cases, they have identified that the deposition of the trench time can be 
reduced by employing a higher partial pressure from the precursors. In contrast, this will 
result in the gas phase supply and diffusion timescales increasing at a higher reactor pressure. 
Additionally, they emphasised that studies such as these can be used to predict the sufficient 
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precursors that should be introduced to allow full saturation to occur. Thus, a complete 
model can be used to explain seemingly the contra-intuitive behaviours of the process. This 
allowing optimisation of overall saturation time and precursor usage, depending on precursor 
properties and wafer topology [154]. 
Kimes, et al. [192] endeavoured to see how CFD simulations can predict the flow 
behaviour within the ALD process when a reactor has an obstacle, such as a viewing window 
for optic diagnosis. Under typical operation conditions, they simulated varying flow rate, 
temperatures and pressures. The addition of diagnostic ports within the ALD reactor can 
create local discontinuities at certain operation conditions. The concern was highlighted that 
these discontinuities may impact flow, possible creating non-purged volumes, recirculation 
patterns, and non-laminar flow at that impacts the film growth on the substrate surface. With 
the simulation studies they have identified that recirculation patterns did form at the inlet of 
the reactor, these patterns made it hard for the researchers to identify an effect caused by the 
window. But, they were able to identify flow patterns, stagnation zones and minor 
perturbations effects caused by the windows [192]. They confirmed that simulation of 
reactor designs and operation parameters is a useful tool especially in micro-electronic 
related ALD processes. 
2.4 Lattice Boltzmann Method 
The lattice gas and lattice Boltzmann methods (LBM) solve the flow in terms of 
imaginary particles which reside on a mesh, which conveys the overall fluid-like behaviour 
by conducting translation as well as collision steps. This process assumes that the fluid is 
simply a group of particles at a mesoscopic scale, illustrating no particle motion equations, 
except for special treatment that is implemented for the collision procedure. The connection 
between micro- and macro- scale variables is developed when the coarse-grained or 
statistical averaging process is present [180]. This approach employs sets of particle velocity 
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distribution function rather than pseudo-particles, as found in the forthcoming direct Monte 
Carlo approach. By doing so, the approach gains more system simplicity, and 
computationally obtains less memory resources and higher processing speeds. Furthermore, 
in both aspects of computational efficiency and application range, the lattice-based pseudo-
particle methods have shown more advances than the off-lattice methods [150, 193]. The 
lattice Boltzmann method studies the flow properties by utilising the classic kinetic theory 
of gases.  
By comparing the LBM with other CFD methods, in the case of simulating multiphase 
flows found in ALD, multi-component flows, and flows over complex geometries, certain 
advantages were observed. For instance, the lattice Boltzmann method illustrated simple but 
effective schemes to treat the boundary conditions [194, 195]. Furthermore, without 
conforming to the previous continuum hypothesis, the lattice Boltzmann method used in 
modelling rarefied gas flows with the large Knudsen number range, whereas the macroscopic 
approaches failed [196-198]. 
In ALD process modelling, the lattice Boltzmann approach is rapidly developing in the 
mesoscopic level, in which the lattice schemes are used to solve the Boltzmann equations 
[193]. Recent work from Dongqing Pan, et al. [193] modelled two schemes, namely the 
lattice Bhatnagar-Gross-Krook (LBGK-D2Q9), a model illustrating simplicity and single 
relaxation time and the Two-Relaxation-Time (TRT), a model illustrating simplicity and 
multiple relaxation time with kinetic theory. In two-dimensional geometry, they modelled 
incompressible and compressible aspects of the flow feature, stability and efficiency. The 
simulation revealed that for the specific ALD reactor, the TRT model generates better steady 
flow features across the domain with better stability and reliability compared to the  
LBGK-D2Q9 model. Furthermore, the LBM-TRT is confirmed with two conventional 
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continuum-based CFD package solvers (ANSYS Fluent and Comsol), validating these 
conventional methods [150, 193]. 
2.5 Monte Carlo Technique 
The direct Monte Carlo simulation approach is an off-lattice pseudo-particle method 
used in conjunction with Newtonian dynamics at the microscopic level. As such, the fluid is 
regarded as the cluster of simple particles [180]. 
Traditional thermodynamics and kinetic models deal with average physical quantities. 
For instance, the kinetic Monte Carlo method is able to consider a wide range of possible 
atomistic configurations, and to select only one random path out of all possible paths [199]. 
The kinetic Monte Carlo method (kMC) has been used to simulate deposition, surface and 
bulk diffusion phenomena in the feature scale. The standard kMC approach assumes a 
predefined rigid crystalline structure (also called a lattice structure). However, this was 
found to be insufficient for describing amorphous film structures, as well as the structures 
containing the vital number of defects and impurities [199]. In the above-mentioned case, 
simulations of this type of film growth should surpass the rigid site (lattice) model and take 
into account the structural relaxation of the growing film [199]. Although Molecular 
Dynamics (MD) is the norm for such cases, the time and structural limitations of MD make 
it a problem. This problem can be solved by a combination of kMC and the MD approach. 
An example of this has been studied by Knizhnik, et al. [200].  
The lattice kMC simulation tool derived from ab initio calculations contributed to the 
understanding of the deposition of high-k materials [199]. Here, the kMC lattice-based 
procedure allows a very efficient treatment of atomic displacements. This can be seen as the 
atoms discreetly move between predefined locations according to transition probabilities 
[199]. A study by Mazaleyrat, et al. [199] analysed this approach; however, they experienced 
difficulty in defining the activation energies with ab initio and/or density function theory.  
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A large three-dimensional surface consisting of an array of structures of holes and pillars 
was investigated by Cremers, et al. [201]. Utilising a low pressure ALD reactor, the Monte 
Carlo approach is used to observe the precursor (TMA) exposure at initial sticking 
probability and height-to-width ratio. This study simulation stated that at a sticking 
coefficient of 0.01 and higher, the exposure needed for conformal coverage of an equal 
surface area is larger for hole type arrays than pillar type arrays [201]. Additionally, the 
precursor efficiency is larger for a well-spaced pillar structure than for a hole array geometry 
with a similar height-to-width ratio and surface area enhancement factor. Consequently, a 
pillar structure is more appropriate for ALD-based functionalisation towards applications 
where large surface areas are preferred, such as those found in sensors, solar cells, fuel cells, 
and batteries [201]. 
This Monte Carlo technique was also utilised in a study by Jin, et al. [98] to assess how 
the coating time is influenced by pressure, agglomerate size and fractal dimensions in coated 
nanoparticles in a fluidised bed ALD reactor. They found that by observing at low and 
atmospheric pressure, coating time decreases with decreasing pressure. Furthermore, for 
pressures below 1 bar, the pressure had little influence on the normalised coating time. This 
study agreed with the simulation results in the overall coating time, and influenced the 
agglomerate size and fractal dimensions by comparing results with Gordon, et al. [202]. 
Limitations of current computer abilities, though steadily diminishing, may still hinder 
this approach from being comprehensively applied to evaluating complex systems in the 
ALD process. However, the Monte Carlo approach is considered to be highly efficient for 




2.6 Molecular Dynamics 
The molecular dynamics (MD) method is typically used to define the fluid flow at the 
microscopic level. Here, the fluid is seen and treated as a cluster of simple particles. These 
particles are molecules, such as atoms, which obey Newton’s second law of motion. By a 
process of integrating Newton’s equations of motion for a particle on the basis of 
intermolecular potential, all the required parameters (such as microscopic velocities) can be 
obtained. Then by introducing the coarse-grained procedure, all the macroscopic parameters 
(such as macroscopic velocities, pressure and temperature, among others) could be assessed 
[180]. 
MD is an approach well-suited to investigate the complicated physicochemical processes 
that control the ALD growth [203]. Importantly, this technique can describe the time 
evolution of interacting atoms during the ALD process [203]. MD is commonly used to 
describe the relaxation phenomena in different ensembles of atoms and/or molecules [200]. 
Generally, MD is a technique in which the classical equation of motion for all atoms of a 
molecule is integrated over a reasonable finite period of time [200, 204]. The main obstacle 
of MD is the time scale and system scale size restraints on the surface chemistry and in film 
growth simulations [200]. A complimentary computational method to examine molecular 
behaviour is the norm [204]. This technique can be used in combination with numerous 
analytic mechanics such as Newton’s motion, Lagrange, Euler, and Hamilton [205]. 
Although this technique can be used in a variety of simulations, it can be utilised in ALD for 
fundamental studies (such as kinetic theory diffusion, transport properties, size dependence), 
phase transitions, complex fluids, and fluid dynamics (e.g. laminar flow, boundary layer, 
unstable flow ) [205]. However, this technique in ALD process studies still remains scarce. 
Hu, et al. [203] ran MD-based all-atom simulations during ALD of Al2O3 to illustrate 
the dynamic surface relaxation. The simulations enabled the study to trace the evolution of 
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the microscopic structure of the film, as well as the film thickness. Igoshkin, et al. [206], 
studied the substrate temperature effect on thermomechanical characteristics of vapour 
deposited nano-films. Copper (Cu) atoms were deposited on a copper substrate. Using the 
MD simulation in conjunction with a Monte Carlo approach, the study illustrated that at low 
temperatures, vacancy clusters (nano-porous) form in the deposited layer. Likewise, 
increasing the substrate temperatures leads to the Young’s Modulus and elastic limits to 
correspond to that of a near perfect crystal.  
A study to observe the atomic growth of ZnTe/Cu/CdTe layers on CdTe substrates for 
CdTe solar cells using MD was accomplished by Aguirre, et al. [207]. The interatomic forces 
were analysed by Stillinger-Weber potential, and incorporated in the Large-Scale 
Atomic/Molecular Massively Parallel Simulator (LAMMPS). The simulation of the Cu 
incorporation and Cd depletion agreed well with experimental reports. The simulation results 
revealed interesting phenomena of clustering, substitution of materials and multilayer 
intermixing. These insights can assist future experimental efforts, and shed light on the layer 
characteristics of solar cell manufacturing, making MD a valuable tool to utilise. 
2.7 Top Down vs Bottom-up Category Models 
As a final point, the above-mentioned methods can be classified to fit into two different 
categories: top down and bottom-up models. These models are illustrated in Figure 2.3. The 
top down method is based on the macroscopic governing equations to find specific discrete 
macroscopic parameters. The continuum (CFD) approach fits this category model. This 
model adopts the continuity equations to describe the fluid flow. The boundary conditions 
and corresponding initial conditions are usually known, and by solving the partial differential 
equations, all the macroscopic parameters at the specific domain are obtained. To solve the 
complicated partial differential equations, these governing equations are discretised 
computationally by different methods such as finite difference, finite volume, finite element 
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or spectral method. Then used to solve the corresponding algebraic equations, iteratively. 
However, errors do exist in these models, but whether quantities are conserved by the 
discretised form of the equations, are of more interest. Another problem with these types of 
numerical methods is the numerical instability to solve the discretised algebraic equations 
[170, 171, 180]. 
 
Figure 2.3: Top-down versus bottom-up model (modified from Quan Liao, et al. [208]) 
The bottom-up model is based on the fact that the fluid is described as particles of 
molecules, and atoms, in deference of the continuum assumption. Thus, that model includes 
the molecular dynamics, Monte Carlo, and lattice Boltzmann methods mentioned 
previously. In these models, an attempt to describe the microscopic parameters is first made, 
followed by a move to examine the macroscopic parameters, by means of a multi-scale 
analysis. In MD, the particle interactions (including the utilisation of Newton’s law of 
motion) are set up to try and simulate the macroscopic behaviour of real fluids. This usually 
requires a large number of particles. One significant drawback of MD is that, due to the 
complexity of the interactions, it is restricted to the number of particles and time of 




obtained by using the lattice Boltzmann method. It begins by developing a discrete 
microscopic model from the conservation of mass and momentum. These models exhibited 
good stability properties. However, the multiscale analysis could be a time-consuming 
process due to the macroscopic equations. The major problem with the bottom-up category 
model is the detection and avoiding of spurious invariants. This latter problem is also found 
in the top-down model [171, 180, 206]. 
It is clear that a successful passage for thin film growth and development can only be 
achieved if the deposition process and deposition reactors are understood and improved. As 
reliability becomes more and more important, computational modelling will become 
increasingly necessary as design tools, not only to optimise throughput in the manufacturing 
process, but also to achieve more vigorous reliability limits. It can be concluded that the 
computational modelling approaches of continuum approach/CFD, lattice Boltzmann 
simulation, Monte Carlo method, and molecular dynamics assist in shedding adequate light 
on the current impasse the ALD process is currently facing.  
2.8 Mass Transport, Chemical Reacting Hydrodynamics, and Surface 
Kinetics within Thin Film Fabrication 
The aforementioned studies and methods typically contribute to the study of chemical 
reacting flow. This is currently a popular and sought-after field of study that requires the 
exchange and interconnection of fluid dynamics, mass transport, chemical kinetics, reaction 
physics, and mechanical design. As such, the interest lies on the unique behaviours that occur 
in the macroscopic domain to relate to the performance and defect analysis of the chemical 
reacting process. It is in the interest of this research to study mechanical and hydrodynamic 
phenomena in relation to the chemical reaction kinetics. In particular, this is related to thin 
film fabrication processes such as chemical vapour deposition, and ultimately atomic layer 
deposition. A review of thin film chemical reacting flow studies are reported, especially 
59 
 
those of CVD and ALD. The emphasis is placed on the phenomena of diffusion within 
chemical reacting flows found in CVD/ALD. Subsequently, the hydrodynamic phenomena 
such as flow topology, and the popular backward-facing step. 
2.9 Chemical Reacting Flow in Thin Film Studies 
It should be realized that thin film fabrication processes are subjected to very 
complicated interaction of properties defined from the fluid flow, mass transport, chemical 
reaction of the homogenous and heterogeneous nature, thermodynamics and heat transfer, 
molecular and atomic behaviour, and combinations of these phenomena. From CVD works 
[209-212] these interaction played a large role of interest, and lead as example for ALD to 
understand its interactions with these fields. The review summarizes the interactions of 
interest and provide insight in the necessary understanding these phenomena might play 
along the ALD process. The interaction of the deposition sequence can be visualised by the 
sequences of events during a typical horizontal ALD reaction, as seen in Figure 2.4: 
1. The reactant gas enter the reactor by forced flow, sequentially. 
2. The mass is transported by either the main flow or diffusion through the boundary 
layer towards the reactive substrate. 
3. The mass is adsorbed on the surface of the substrate where the chemical reaction 
takes place at the interface of the site species. 
4. The gaseous by-products of the reaction are desorbed and diffuse away from the 
surface, through the boundary layers. 
The formation of the boundary layer of flow, mass and thermal, along with the 
heterogeneous chemical reactions of the substrate is of interest. Moreover, the complex fluid 
mechanics interactions that occur throughout the reactor geometry are also observed [213]. 
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Particular attention is paid to cases of fluid shear which form recirculation zones, and laminar 
to non-laminar flow due to density and convection gas motion.  
 
Figure 2.4: Sequence of events during deposition process (modified from Pierson [209]) 
As these layers form the process of the thin film fabrication process it is subjected to 
limiting steps. These are factors that control the growth of the deposit. This is therefore a 
critical question to answer, particularly since it defines the optimisation of the process and 
expected quality nature of the film. The rate limiting step can be either determined as being 
[209]: 
1. Surface reaction controlled; or 
2. Mass transport controlled 
In the case of control due to surface reaction kinetics, the rate is dependent on the amount 
of reactant gases available. Moreover, the correct temperature, pressure and reaction times 
are needed in order to allow the reaction to fully occur. These factors are also parameters 
that affect the mass transport controlled state. The mass transport control is seen to be the 
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fundamental control of diffusion of the reactive mass species to the reactive site. Its mass 
transport resistance is affected by the interaction of mass convection and surface reaction, 
and, to a lesser extent, the diffusion of by-products. These rate limiting regimes can be 
visualised in Figure 2.5. 
 
 
Figure 2.5: Rate limiting steps (modified from Pierson [209]) 
Diffusion of the reactive mass through the boundary layers is an interesting observation 
to analyse, as the concentration and density changes with the sequential process of ALD. 
The diffusion flux can be can be composed as the sum of flux contributed by the Fickian 
diffusion caused by the concentration gradient 𝐽𝑖
𝑐, the pressure 𝐽𝑖
𝑃, external forces, such as 
electric fields, named forced diffusion 𝐽𝑖
𝑓













Within ALD reactors, the pressure gradient is small and thus can be ignored. 
Additionally, gravitational effects are also unimportant. Without any external forces, the 
force diffusion is negligible. If the temperature gradient between the gas and substrate is 
large, as seen in cold-wall reactors the thermal diffusion could play a contributable role. 
However, in isothermal reactors where the gaseous temperature is the same as or close to 
that of the substrate, the thermal diffusion is seen to play no crucial part in the diffusion. As 
such, it can be said that only Fickian diffusion contributes to species diffusion. In contrast, 
along with diffusion, mass convection plays a critical role in ALD reactors. Thus, both 
diffusion and convection can be governed as [212]: 
 (𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝑒𝑑)
= (𝑚𝑎𝑠𝑠 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝑒𝑑 𝑏𝑦 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛)





= ∇ ∙ (𝒟∇ ∙ 𝑐) + ∇ ∙ (𝑣 𝑐) + 𝑅𝑟 
Where: 
 𝑐 is the species concentration 
 𝒟 is the diffusivity 
 𝑣  𝑖𝑠 𝑡ℎ𝑒 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 
 𝑅𝑟 is the source function such as chemical reaction 
 ∇ is taken to denote the gradient 
The parameters and non-dimensional properties concerning the mass transport 
phenomena are discussed in Chapter 3. The flux of mass and diffusion is summarised within 
Table 2.2, in which the coefficients of interest in ALD is shown. Here, the heterogeneous 
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chemical reaction coefficient is added. However, it should be noted that the mass flux is 
shown within the table in its simplest form and in literature the definition of the mass transfer 
coefficient can alter the expression accordingly [212]. 
Table 2.2 Mass, diffusion, heterogeneous chemical reaction coefficients [212] 
Effect Basic equation Rate Force Coefficient 
Mass transfer 𝑁1 = 𝑘𝑚𝑡∆𝑐1 
Flux per area 
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Pons, et al. [215] depicted that the elements of chemical reacting flows, such as those 
found in CVD modelling studies, strongly determine the interaction of the transport 
phenomena and the homogenous or heterogeneous chemical reactions in a reactor. Stressing 
that the main objective can be presented to relate deposition performance in terms of the 
deposition rate, uniformity, film conformal growth and film composition and selectivity, to 
that of the geometry and process conditions (pressure, temperature, reactant concentration 
and gaseous flow rate). Pons, et al. [215] elaborated by stating two typical approaches used 
in obtaining operational parameters for solidification of the thin film fabrication processes 
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namely, an ‘open or closed box’ approach. Within the closed box approach, phase diagrams 
are used to display solid equilibrium phases as a function of temperature, pressure, and 
precursor composition. This can mostly be seen as an a priori determination approach that 
predicts the likely formation of a solid either in the gas or surface. However, no in depth 
phenomena can be extracted through the process. In contrast, an open box approach uses 
transport models within the reactor that provides the insight that depicts the performance of 
the deposit process. This is an approach that allows the examination of mass species 
concentration; diffusion, thermal and velocity boundary layers; thin growth on substrate 
surfaces, and deposition rate; among others. Moreover, it allows for the predicting of the 
comprehension by either steady state assumptions, or transient evolution of the phenomenon 
that effects the performances. 
This topic in literature has been of interest from the early days of the rise of computing 
powers. A study from Gokoglu, et al. [216] studied the CVD effects of convection and 
chemistry for silicon deposition. In their works he illustrates the need to understand the 
physicochemical phenomena in the thin film fabrication processes as the operators and 
researchers typically fabricated the film via intuition and experience. This practice has been 
continued into modern atomic layer fabrication methods. Intrinsically, as previously, the  
in-depth understanding of the physicochemical processes has given the intuition and 
experience operators the tools to deposit more cost effective and higher quality thin film 
based products. Moreover, Gokoglu, et al. [216] have produces works that focus on the 
computational usage of CFD to predict and understand the thermal-chemical in question in 
relation with CVD reactor flow. Particular focus is placed on reactors that display unique 
behaviours such as sudden expansion; this will be discussed in a later review section. 
However, he stated a point that relates to all thin film fabrication research: that the improved 
design and optimisation of future studies requires improved computer codes. Here, the aspect 
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of the studies is unique geared towards invaluable insights of the process, this being the fluid 
flow, thermo-flow, thermo-chemical, mass flow, mass diffusion and the  
mechanical-chemical component.  
An early study of Kleijn, et al. [217] studied the effect of width-to-height aspect ratio of 
reactors, inflow speed and carrier gas at a range of Reynolds and Rayleigh numbers to 
emphasise the relative importance of convection, diffusion and thermo-diffusion for the 
species transport in CVD. A two- and three- dimensional study was analysed, in which 
restrictions were imposed on the dimensions relating to one another. Within the work, it was 
identified that growth is achieved, along with near wall effects and depletion of the reactive 
substances along the substrate. The horizontal reactor side wall temperatures were also 
analysed, and it was highlighted that heat transfer effects can cause growth disturbances as 
secondary flow, recirculation zones and flow patterns is identified. This is a good example 
of how temperature effects played a crucial role in the CVD process. However, in ALD 
isothermal reactors are the norm, but, as our objective tends to emphasize, the mass transport 
becomes the influential parameter to produce these convection, recirculation convection, and 
diffusion phenomena [213]. 
A study conducted by Moffat and Jensen [218, 219] developed a three-dimensional 
numerical model to investigate the spiral rolls within horizontal CVD reactors. They 
identified that these rolls largely effect both the axial and lateral growth rate distributions. 
They could not obtain a qualitative agreement; a good qualitative result was not found. 
However, their result was subjected to high values of Reynolds and Péclet number 
conditions. This inspires the need to study the flow topology within ALD that it is commonly 
facing the formation of rolls that are formed and affected by its own unique sequential 
operations, in which, the density of the gases plays a part. But, the situations of these unique 
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rolls, and if they exist at all, in ALD is still unknown and contributes to the current 
investigations. 
Numerical studies of thin film fabrication can further lead to the prediction of surface 
compounds and surface morphology. A study from Nishizawa, et al. [220] studied the CVD 
fabrication of SiC in horizontal hot wall reactors. In his study, the growth and surface 
morphology of the substances were investigated as a product of volumetric flow rate across 
the susceptor. These type of studies led to the identification of film surface roughness and 
surface energy of the product.  
Experimental and modelling approaches have found that fluid flow and transport 
phenomena strongly influence the performance of the deposition process in horizontal 
reactors. In fact, these simulations play an important role in the accurate prediction of 
optimisation, and fundamental understanding of the deposit process [14, 15, 213-215, 217, 
221]. It can be hypothesise that by proper manipulation of the process parameters and reactor 
geometry, it is possible to identify defects in the deposit and control the reaction to a great 
degree [19, 209-212].  
The study of chemical reacting flow that is associated with the nanofabrication processes 
such as CVD and more so, ALD, is hindered due to a crucial lack of available chemical data 
and models within the process. These include the mechanism generation of the chemical 
reactions and half -reactions. This is a limitation that forces the current and prior models to 
rely on simplified chemical models or dedicate to the pursuit in contributing these necessary 
data [215]. Although prior simplified models in literature can predict the process and 
chemical reaction growth being either homogenous or more importantly heterogeneous [108, 
160, 222, 223]. Kleijn [213], revealed that even small amounts of intermediate reactions 
might have large influences on the deposition process. 
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In summary, chemical reacting flow is a research endeavour that is growing extensively. 
With the availability of ever-growing performance enhancements of computational 
resources, the insight into the open box approach in understanding the transport phenomena 
that depicts the performance of reactors becomes a necessary resource in smart 
manufacturing, nano-fabrication, and cutting edge technology development. With the 
adoption of nano-fabrication techniques, such as ALD, in the next industrial revolution 
(typically known as Industry 4.0), the need to understand, enhance, optimise, and identify 
the transport phenomena becomes undisputable.  
2.10 The Backward-Facing Flow Phenomena 
The complex flow phenomena has been revealed to be a crucial and influential 
phenomenon in chemical reacting flow processes. As such, these phenomena’s have been 
adopted as the point of interest in the current work. Flow separation due to sudden flow 
expansion, also popularly known in fluid mechanics as the Backward-Facing Step (BFS) 
flow, has revealed itself as a common and interesting phenomenon within ALD reactors. 
However, although it has hardly been studied for ALD applications, the BFS been the focus 
of rigorous studies for many years [224, 225]. An example of these BFS studies can be seen 
with a classical set of simple geometric configurations, typically modelled in either two-
dimensional or three-dimensional form. The geometric configurations are typically designed 
as a flow within a channel or pipe with a sudden step expansion, or a flow with or over an 
obstruction such as an orifice [226]. Owing to its simple geometry, the BFS flow has been 
adapted as a very popular benchmarking and validation test for computational fluid dynamic 
studies (CFD). This is often the case due to its incorporation not only of numerical simulation 
but also due to the availability of quality experimental data [225, 227-231]. 
Modelling attempts over the past decades was focused on observation of the flow 
patterns at numerous Reynolds number and flow states [225, 227], as well as heat and mass 
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transfer effects [229, 232, 233], and homogenous combustion reactions [230], in micro-step 
and nano-fluid flow [228]. When flow is passed over the BFS, it is observed that it forms 
complex flow patterns at the step and at the regions downstream of a BFS, as shown in Figure 
2.6. These patterns can be distinguished to consist of an initial boundary layer, a separated 
free shear layer, a reattachment zone, a primary recirculation or separation region, a corner 
eddy, a redeveloping boundary layer, and possibly the formation of a second separation 
region.  
The primary flow separation dynamics is described by the flow type. The flow can be 
either laminar, transitional, or turbulent, and describes the state of the initial boundary layer 
that, in turn, affects the generation of the separated free shear layer. The unstable shear layer 
(which carries large vertical structures) is divided at the reattachment zone, in which a 
substantial portion of the flow is reversed upstream and supplies the recirculation stream. 
This reversal is known as the primary recirculation region, and is characterised by the 
recirculating vortices and the flow reversal [234]. The back flow has been historically 
measured experimentally to be around 20% in relation to the mean bulk flow [235]. 
Typically, along with strong recirculation flow, a small low-velocity counter-rotating corner 
eddy is formulated just behind the step. The flow reattaches at a distance (L) from the step 
(a condition known as the primary reattachment length). Here, a new boundary layer is 
developed. However, the recovery process of the new boundary layer tends to be slow, and 
affects the large-scale flow structures for a long distance downstream. These effects can 
potentially reveal interesting observations within the ALD reactor deposition process.  
The primary reattachment distance (L) is a function of two parameters, namely the 
Reynolds number based on the step height (Reh) and the expansion ratio (E). The expansion 
ratio (E) represents the ratio of the outlet channel height (h2) to the inlet channel height (h1) 
that is before the step.  
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  Umax is the maximum inlet velocity; 
ℎ is the step height; 
𝑣 the kinematic viscosity  
The properties are dependent on the pulsating precursor/purge substance. The Reh is 
defined as laminar for Reh<900, Reh>900 for transitional regime, and Reh<4950 for turbulent 
flow [227]. At Reh>300, a secondary recirculation region has been detected to exist along 
with the primary recirculation region in the surrounding area of the roof of the reactor. The 
position of these recirculation regions could be crucial to the transport of mass, heat and the 
chemical kinetic processes at the substrate wall. A possible result of this could be defects 
and critical issues that influence the deposition and growth of the ultra-thin film. 
Within viewing the flow patterns from the BFS, two types of inviscid critical points can 
be identified, namely ‘centre’ and ‘saddle’. A critical point is a location where slope of the 
streamline becomes indefinite. At a critical point, the point of zero velocity is referred to as 
the ‘centre’, while the point where two streamlines run in opposite directions and touch each 
other is referred to as the ‘saddle’[236]. 
This unique flow separation due to a sudden change in flow geometry plays a crucial role 
in enhancing a wide variety of industrial applications. These applications are observed in 
electronic devices, cooling systems, combustion chambers, chemical vapour deposition 
machinery, engineering processes, or environmental control systems. The problem of 
laminar, transitional and turbulent flow over a backward-facing step geometry has been 




Figure 2.6: The detailed flow features of the backward facing step flow  
(Authors own Illustrations) [234] 
One of the most recognisable research work used is the experimental work accomplished 
by Armaly, et al. [227]. They experimentally studied the flow over a backward-facing step 
with a wide range of Reynolds numbers, covering laminar, transitional and turbulent flows 
in a horizontal channel having an expansion ratio of two at step level. This research 
quantitatively defined the velocity profiles, reattachment length and flow effects downstream 
of the step. They observed multiple phenomena, the most relatable of which is that the 
reattachment length will increase along with the Reynolds number within the laminar regime 
Re<600. When the flow becomes transitional, irregularities exist until Re=2750. 
Additionally, it was hypothesised that the flow can be seen as two-dimensional at 
3300>Re<200. In between, the flow is limited to three-dimensional influences. Within the 
two-dimensional numerical simulations described in Armaly, et al. [227] it is concluded that 
the BFS flow is not a function of a single variable. A more likely scenario is that four or 
more variables play a critical role. These variables are (among others) the expansion ratio, 
step height, Reynolds number and inlet velocity profiles. Their works remain a valuable 
resource for numerical studies.  
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Numerically, the topic regarding the BFS phenomena has been thoroughly investigated 
over decades. This fundamental characteristic of fluid dynamics has strived to understand 
the flow behaviours and other influential elements such as thermal convection [237], density, 
and substance (being gas, liquid or particle flow). With the continual advancement of 
computer resources over time, this phenomena was able to be studied more intensively by 
numerical methods.  
A study from Mushyam, et al. [236] studied the two-dimensional flow over a backward 
facing step at different inclines. Investigating the laminar flow passing over the incline steps 
at 5, 10, 12, and 14 degrees, the study was determined to identify the point of criticality, at 
which the flow becomes unsteady and periodic from a steady state, also known as the critical 
Reynolds number  𝑅𝑒𝑐𝑟 . Additionally, in order to visualise unsteady periodic vortex 
shedding, a simulation between 15 and 75 degrees was also undertaken using Reynolds 
numbers of 500 and 800 respectively. The steady state analysis revealed that the vortex 
recirculation length is strongly dependent on the Reynolds number. The vortex shedding was 
occurring at Re ≅ 350 at inclination angles between 15 and 75 degrees. The flow transition 
from steady state to periodic unsteady (vortex shedding) increases with the decrease of the 
inclination angle, especially angles below 15. 
Hans-Jakob Kaltenbach [238] used LES simulations to study turbulent flow over a range 
of swept angles of the BFS (up to 70°) at 𝑅𝑒ℎ=5000. They observed that the sweep causes 
substantial changes in the dynamics of the near-wall region upstream of the reattachment. 
These upstream conditions strongly influence the flow dynamics, especially in the first half 
of the chamber. Kaltenbach, et al. [239] then simulated the effect of the sweep for the 
transitional separation bubble behind the BFS. They observed that the flow upstream of the 
step was laminar, and that the shear-layer transition took place prior to reattachment.  
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A study from Chiang, et al. [240] aimed to provide greater insight into the time evolution  
of developing vertical flow in the BFS phenomena. In their works they identify and explain 
the flow and vortices behaviours with a time between 50<Re<2500 upstream and 
downstream of the channel. The works are validated by Armaly, et al. [227] and Kim, et al. 
[241]. It describes the roof and floor eddies that are developed with time and the behaviour 
within the vorticities among each other. Additionally, the study evaluates the topology of 
the flow saddle points using works from Hunt, et al. [242].  
In another study, a three dimensional BFS phenomena was numerically studied by 
Chiang, et al. [243] assuming a laminar flow Reynolds number in range of 100<Re<1000. 
The study evaluated their flow with experimental results of Armaly, et al. [227]. Chiang, et 
al. [243] focussed their work on results of the computer code to study the main flow, 
secondary flow, primary, secondary and longitudinal separation regions within the three-
dimensional step domain. Considerable focus was placed on the flow structure due to 
topology theory (near wall, side wall, and step flow). In addition, a correlation equation was 
made between two-dimensional and three-dimensional to relate the cause of three-
dimensional influence due to side wall effect. Within the works, it was concluded that when 
the width of the step reaches 100 times the step, the agreement of flow structure between 
two-dimensional and three-dimensional analyses is near perfect, assuming Re=800. Interest 
is seen within the flow characteristics and topology analysis, and how it may be incorporated 
within the complex interaction of gases and flow time within ALD’s unique sequential 
process with different gaseous flows. 
However, the authors believe that this phenomena is still greatly influential to the future 
of nano-manufacturing, and can assist design and in-depth understanding of the Nano-
fabrication of thin films. In the last decade, advances in parallel processing and CFD 
techniques have reached the point where capabilities required to conduct realistic 
73 
 
simulations are now available. With the advancements of computational resources the 
fundamental behaviours of the ALD process with the incorporation of BFS phenomena 
within the reactor design can now be numerically investigated.  
One of the key aspects that could influence the ALD process is the height the reactants 
are introduced into the reactor. The sudden expansion of the BFS flow, as seen previously, 
influences the flow patterns and interns the mass transport. The following question arises: to 
what extent does the phenomenon impact the ALD process, especially due to its unique 
sequential injection of different reactants and inert gas. Intrinsically, the impact not just on 
the thin film fabrication process, but also between the gaseous volumes themselves and by-
product flow, among others. To the author’s knowledge, this extent of study has not yet been 
carried out on the unique ALD process. However, in prior literature, a similar topic was 
addressed in numerous other forms to identify the unique effects the step height introduce to 
this phenomenon. 
In a brief communication from Thangam, et al. [231] a laminar flow BFS numerical 
model is studied to analyse a range of the Reynolds number (50-900) and expansion ratio 
(E=0.25-0.75) (defined as the ration of step height to channel height). It was observed that 
for a fixed expansion ratio, the reattachment length increases with the Reynolds number as 
a result of the increased inertial effects of the inlet flow. The expansion ratios and the 
reattachment length versus the flow Reynolds number varies either linearly (low E<0.3) or 





THEORETICAL ANALYSIS AND NUMERICAL MODELLING 
3.1 Introduction 
In the following chapter, the theoretical analysis and numerical modelling procedure are 
presented. This includes the continuum model using computational fluid dynamics coupled 
with the chemical reaction kinetics. The Large Eddy Simulation (LES) model is also 
included, together with the interaction it has with the reaction kinetics equation. 
Additionally, the calculation procedures used to obtain the inlet parameters are shown. These 
include the flow rate, pressure injection of the precursors, diffusion coefficient, among 
others. Lastly, the chemical recipe utilised in the creation of Al2O3 thin film is summarised, 
along with the computational operational procedure. 
3.2 Computational Fluid Dynamics: The ALD Continuum Approach 
 Governing Equations 
Modelling the ALD process consists of coupling and decoupling the processes. First, the 
physical and chemical processes are decoupled. The physical processes consisting of the 
conservation of mass, momentum transport, convective heat transfer, and species transport 
are decoupled from the chemical reactions. These processes are presented by corresponding 
partial differential equations (PDEs) that are solved numerically on defined nodes in the 
mesh domain. Secondly, the PDE processes are coupled to obtain the entirety of the ALD 
numerical solution by taking into account the interactions between each physical and 
chemical process.  
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3.2.1.1 Mass Conservation Equation 
The conservation of mass, also known as the continuity expression, can be shown as 
follows: [244-246],  
 𝜕𝜌
𝜕𝑡
+ ∇ ∙ 𝜌?⃗? = 𝑆𝑚 (3.1) 
Where: 
𝜌 is the density; 
?⃗? is the velocity vector;  
 𝑆𝑚 is a mass source term. 
3.2.1.2 Momentum Conservation Equation 
The process of momentum transport conservation in the laminar flow regime is governed 




+ ∇ ∙ (𝜌?⃗??⃗?) = −∇ ∙ 𝑃 + ∇ ∙ 𝜏̿ + 𝜌?⃗? + ?⃗? (3.2) 
Where: 
𝑃 is the static pressure;  
?⃗? is the gravitational constant;  
 ?⃗? is the external body forces. 
The stress tensor (𝜏̿) can be obtained from [244-246] 
 𝜏̿ = 𝜇[(∇ ∙ ?⃗? + ∇ ∙ ?⃗??⃗?𝑇) −
2
3
∇ ∙ ?⃗?𝐼] (3.3) 
With: 
𝜇 as the fluid dynamic viscosity;  
𝐼 as the unit tensor;  
the effect of volume dilation term represented by 2/3∇ ∙ ?⃗?𝐼. 
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3.2.1.3 Energy Conservation Equation 
The energy may transfer via heat in the forms of conduction between the chamber and 
pipes, and convection between the wall surface and the gaseous mixtures. Additionally, heat 
transfer also occurs by species diffusion, in which a typical example is the heat transfer due 
to mass diffusion caused by the material concentration gradients [9, 247, 248]. Within the 
model, radiation within the system can be neglected due to its minimal impact in thermal 




𝜌𝐸 + ∇ ∙ (?⃗?(𝜌𝐸 + 𝑃)) = ∇ ∙ (𝑘𝑒𝑓𝑓∇ ∙ 𝑇 −∑ℎ𝑖𝐽𝑖 + 𝜏̿?⃗?) + 𝑅𝑟 (3.4) 
Where: 
𝑘𝑒𝑓𝑓 is the material effective conductivity; 
 𝐽𝑖 is the diffusion heat flux of the mixture species 𝑖; 
𝑅𝑟 the source term which is due to the chemical reaction.  
The enthalpy of the mixture species ℎ𝑖 can be expressed as [246]: 
 




The term E, or total energy, is defined as [246, 249]: 
 







With sensible enthalpy, ℎ is given for an ideal gas as [246, 249]: 
 
ℎ =∑𝑌𝑖 ℎ𝑖 (3.7) 
𝑌𝑖 being the species 𝑖 mass fraction. 
3.2.1.4 Species Conservation Equation 
To attain the mass convection–diffusion equation, also known as the species 







𝜌𝑌𝑖 + ∇ ∙ 𝜌?⃗?𝑌𝑖 = −∇ ∙ 𝐽𝑖 + 𝑅𝑖 + 𝑆𝑖 (3.8) 
Where: 
𝑅𝑖 is the net rate of production of species 𝑖 by chemical reaction; 
𝑆𝑖 is the source term of species 𝑖; 
𝐽𝑖 is the dilute approximation (better known as Ficks Law). For laminar flow it takes  
the form[246, 247]: 





𝒟𝑖,𝑗  as the binary Maxwell-Stefan diffusive coefficient of species 𝑖 and 𝑗; 
𝒟𝑇,𝑖 as the thermal diffusion coefficient of species 𝑖; 
𝑁 as the total number of species in the mixture.  
The turbulent mass flow diffusion is expressed as [246]: 













𝜇𝑡 is the turbulent viscosity; 
𝒟𝑡 is the turbulent diffusivity. 








𝑃𝑜𝑝 is the operating Pressure; 
𝑅 is the universal gas constant; 
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 𝑀𝑤,𝑖 is the molecular weight of species 𝑖. 
The 𝒟𝑖,𝑗 represents the binary Maxwell-Stefan diffusive coefficient of species 𝑖 and 𝑗, and 
can be estimated by implementing the following equations for a laminar flow [250]: 
 𝒟𝑖,𝑗 = [𝐷] = [𝐴]
−1[𝐵] (3.13) 
The matrix terms [A] and [B] can be expressed as follows [250]: 

















 𝐵𝑖𝑖 = −(
𝑋𝑖𝑀𝑤,𝑚
𝑀𝑤,𝑁



















[𝐴] and [𝐵] = (𝑁 − 1) ∗ (𝑁 − 1) matrices; 
[D]= (𝑁 − 1) ∗ (𝑁 − 1) matrix of the generalized Fick’s law diffusion coefficients; 
𝑀𝑤 represents the molecular weight; 
𝑚 is a subscript used to define the mean molecular weight in the mixture. 
3.2.1.5 Large Eddy Simulation (LES) Model for Turbulence Flow 
Within ALD at certain injection sequences, it has been identified that the favoured 
laminar flow may deviate to transitional flow and mass transfer buoyancy effects. To capture 
these effects, the LES model is incorporated into the model. Historically, these simulations 
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fared well in terms of modelling BFS phenomena and convection studies [251]. With the 
LES model, large scale buoyant eddies are calculated directly from the exact transient 
Naiver-Stokes equations. This results in revealing the finely resolved and detailed 
information of the turbulent flow field. The Naiver-Stokes equations are spatially filtered to 
separate small-scale turbulent motion from large scale motions via subgrid-scale stresses 
[251]. These models are incorporated into the mass, momentum and energy conservation 
equations by utilizing the Smagorinsky-Lilly model. Here the eddy-viscosity is modelled as 
follows [246]: 
 𝜇𝑇 = 𝜌𝐿𝑠
2|𝑆̅| (3.19) 
The mixing length (𝐿𝑠) of the subgrid is calculated as [247]: 
 𝐿𝑠 = min (𝑘𝑉𝐾𝐿𝑥, 𝐶𝑠∆) (3.20) 
|𝑆̅| is calculated as 
 |𝑆̅| = √2𝑆𝑖𝑗̅̅̅̅  𝑆𝑖𝑗̅̅̅̅  (3.21) 
Where: 
 𝑘𝑉𝐾 is the Von Karman constant; 
𝐿𝑥 is the distance to the closest wall; 
𝐶𝑠 is the Smagorinsky constant;  
∆ is the local grid scale computed from the volume of  a cell as ∆= 𝑉1/3; 







 Chemical Kinetics 
The reaction rate kinetics can be computed by the incorporation of the reaction models. 
These, in ALD, are primarily assumed to correspond to laminar chemical reacting flow, in 
which the laminar finite rate model can be utilised. Here the effects of turbulent fluctuations 
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are ignored, and the reaction rates are determined by Arrhenius kinetic expressions. 
However, when the flow is subjected to geometrically influenced properties (such as sudden 
expansion, precursor density interaction, and high flow rates) that cause flow instabilities, a 
turbulence model is incorporated to capture the property behaviours. The eddy dissipation 
model incorporating LES is used within the work. 
3.2.2.1 Laminar Flow Finite Rate Reactions 
The source term due to reaction of chemical species 𝑖 is calculated as the summation of 
the Arrhenius reaction sources over the number of reactions 𝑁𝑅 that the species contributes 
to [246]: 





𝑀𝑤𝑖 is the molecular weight of species 𝑖, 
?̂?𝑖,𝑟 is the Arrhenius molar rate of creation/destruction of species 𝑖 in reaction 𝑟.  
The ?̂?𝑖,𝑟 can be expressed as [246]: 















With 𝐶𝑗,𝑟  being the molar concentration of species 𝑗 in reaction 𝑟 [kmol/m
3]; 𝜂𝑗𝑟
′  the rate 
exponent for reactant species 𝑗 and 𝜂𝑗𝑟
′′  the rate exponent for product species 𝑗 in reaction 
𝑟; 𝑣𝑖,𝑟
′ , 𝑣𝑖,𝑟
′′  is the stoichiometric coefficient for reactant or product respectively 𝑖 ; 𝑘𝑓,𝑟  and 
𝑘𝑏,𝑟  is the forward and backward reaction rate constants for reaction 𝑟; Γ is the third bodies 





Here 𝛾3𝑗,𝑟 is the third-body efficiency of the species in the reaction. 
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The forward and backward rate constants can be computed by the Arrhenius equation. For 
the forward rate constant, it can be expressed as follows: [246] 










Ar is the pre-exponential factor; 
T is the temperature;  
𝛽𝑟 is the temperature exponent [dimensionless];  
𝐸𝑟 is the activation energy [j/kmol];  
𝑅 is the universal constant [j/kmol-K]; 
and 𝐾𝑟 is the equilibrium constant for the reaction 𝑟, it can be calculated as [246]: 
 













   (3.27) 





















Where 𝑆𝑖 and ℎ𝑖 are the entropy and enthalpy of the species evaluated at the temperature 𝑇 
and atmospheric pressure 𝑃𝑎𝑡𝑚.  
The transport of gases into the ALD reactor involves two types of possible reactions, 
namely homogeneous (gas-phase) and heterogeneous (surface) reactions. Gas phase 
reactions can occur along with the complex transport behaviours of the reactant, which have 
little to no effect on the end thin film product. An example of this is the absorption and 
desorption of ozone into oxygen and o-atom. It might also occur due to CVD mode, in which 
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the ALD reactor was not properly evacuated and left reactive precursors. These gas-phase 
reaction rates are expressed based on the volumetric capacity. The creation and destruction 
rate of the chemical species is used as the source term within the conservation of species 
equation. Surface reactions are dependent on active sites, these being from initial layer,  
half-life reaction, or ALD sequence. The surface reaction adsorption and desorption rates 
are guided by both chemical kinetics and diffusion to and from the surface. The 𝑟𝑡ℎ 





























𝐺, 𝐵, 𝑆 denotes gaseous, bulk or site species, respectively; 
𝑁 represents the total number of the corresponding species; 
𝑔𝑖,𝑟
′ , 𝑏𝑖,𝑟
′  and 𝑠𝑖,𝑟
′  are the stoichiometric coefficients for each reactant species; 
𝑔𝑖,𝑟
′′ , 𝑏𝑖,𝑟
′′  and 𝑠𝑖,𝑟
′′  are the stoichiometric coefficients for each product species. 





𝑚 √𝑅𝑇/2𝜋𝑀𝑤 (3.31) 
Where  
𝑀𝑤 is the molecular weight of the gaseous reactant; 
the site density is represented by 𝜌𝑠𝑖𝑡𝑒 = 2.72x10
−8 kgmol/m2; 
𝑚 represents the summation of surface species reactants stoichiometric coefficients. 





























[ ]𝑤𝑎𝑙𝑙 represents the molar concentrations of surface-adsorbed on wall surfaces; 
𝜂𝑖,𝑔𝑟
′  is the rate exponent for the gaseous species as a reactant in the surface reaction; 
𝜂𝑖,𝑠𝑟
′  is the rate exponent for the site species as a reactant in the surface reaction.   
The net molar rate of production or consumption of each species is equated as follows: 





𝑅𝑟    𝑖 = 1, 2, 3, … . , 𝑁𝑔 (3.33) 





𝑅𝑟    𝑖 = 1, 2, 3, … . , 𝑁𝑏 (3.34) 





𝑅𝑟     𝑖 = 1, 2, 3, … . , 𝑁𝑠 (3.35) 
By substituting these equations into 𝑅𝑖, the production or destruction rate of species 𝑖 can be 
evaluated. 
3.2.2.2 Large Eddy Simulation Chemical Model 
The eddy-dissipation model that incorporates a turbulence-chemistry model interaction 
model, based on the works of Magnussen and Hjertager [252], is implemented into the 
numerical model. The net rate of production reaction species 𝑖 is limited by the smaller value 
attained from the following pair of equations:  

















 𝑌𝑝 is the mass fraction of any product species, 𝑃; 
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 𝑌ℛ is the mass fraction of a reactant, ℛ; 
 𝐴 being an empirical constant equal to 4.0; 
𝐵 being an empirical constant equal to 0.5; 
𝑘/ℰ being a large eddy mixing time scale, like the eddy-breakup model of Spalding 




Within the calculation, the finite-rate/eddy-dissipation model, in which both the Arrhenius 
and eddy-dissipation model and the previous equation reaction rates, is used to solve the 
reaction along with turbulence like flow. However, this model by itself can only calculate 
one-step (reactant→product) or two-step (reactant→intermediate→product) global 
reactions accurately. A multi-step chemical kinetic mechanism in turbulent flows is 
incorporated by using the LES approach. These multi-step mechanisms are based on the 
Arrhenius rates for each reaction. When the LES turbulence model is utilised, the turbulent 
mixing rate, /𝑘 in equation 3.36 and 3.37 is substituted by the subgrid-scale mixing rate. 
Allowing it to be expressed as follows: 
 𝜏𝑠𝑔𝑠
−1 = √2𝑆𝑖𝑗𝑆𝑖𝑗 (3.38) 
Where: 
 𝜏𝑠𝑔𝑠
−1  is the subgrid mixing rate [s−1] 






) being the strain rate tensor [s−1] 
 Substrate Boundary Conditions 
The reacting surfaces governs the balance of the rate of consumption/production on the 
surface with that of the mass flux, due to diffusion and convection of the respective gas 
species. This allows the surface to change gas-phase, surface-adsorbed (site) and bulk (solid) 










= ?̂?𝑖,𝑠𝑖𝑡𝑒          𝑖 = 1,2,3,… ,𝑁 
(3.40) 
Here, ?̇?𝑑𝑒𝑝  is the net rate of mass deposition as a result of the surface reaction. 
The wall mass fraction 𝑌𝑖,𝑤𝑎𝑙𝑙 is interrelated to concentration through [254]: 
 [𝐺𝑖]𝑤𝑎𝑙𝑙 = 𝜌𝑤𝑎𝑙𝑙𝑌𝑖,𝑤𝑎𝑙𝑙/𝑀𝑤,𝑖 (3.41) 






The site species concentration ([𝑆𝑖]𝑤𝑎𝑙𝑙) can be defined as follows [254]: 
 [𝑆𝑖]𝑤𝑎𝑙𝑙 = 𝜌𝑠𝑖𝑡𝑒𝑍𝑖 (3.43) 
Here,  𝑍𝑖  is the site coverage of species i  and the summation over all the surface species 
calculates to ∑ 𝑍𝑖 = 1𝑖=1 . 
 Species Transport and Thermal Properties 
Within the ALD reactor, the species thermal and transport coefficient properties are 
temperature-dependent variables as a result of the substantial differences in the temperature. 
The gaseous species heat of formation, specific heat and entropy can be recognised from the 
temperature-dependent polynomial functions incorporated within ChemkinPro and can be 
expressed as follows [254]: 

















𝑇5 + 𝑎6,𝑖 (3.45) 
 𝑆𝑖









𝑇4 + 𝑎6,𝑖 (3.46) 
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The thermal diffusion coefficient of the species is obtained from either the empirically-
based composition-dependent polynomial functions, or from the constant expression 






















Where 𝑋𝑖 and 𝑋𝑗 are the species 𝑖 and 𝑗 mole fractions respectively. 
The gas kinetic theory, the binary diffusivity, viscosity and thermal conductivity of the 
species is attained by implementing the correlations depicted below. The binary diffusivity 
𝒟𝑖𝑗 [cm














𝑃𝑎𝑏𝑠 denotes the absolute pressure [atm]; 
𝜎𝑖𝑗 denotes the diffusion collision integral [angstrom],  
Ω𝐷 quantifies the molecules relation in the process, which is noted to be a function 
of 𝑇𝐷
∗. 𝑇𝐷
∗  [K] can however be written as [254]: 
 
𝑇𝐷
∗ = 𝑘𝐵𝑇/ 𝑖𝑗 (3.49) 
Here, 𝑘𝐵denotes the ratio of gas constant to the Avogadro’s number and is termed the 
Boltzmann constant. The  represents the Lennard-Jones energy parameter, and the mixture 
𝑖𝑗 is the geometric average of the 𝑖 and 𝑗 of species i and j respectively given as [254]: 
 
𝑖𝑗 = √ 𝑖 𝑗 (3.50) 
While in binary mixture, 𝜎𝑖𝑗 is calculated as the arithmetic average of 𝜎𝑖 and 𝜎𝑗 of species 𝑖 





(𝜎𝑖 + 𝜎𝑗) (3.51) 








Where 𝜇 unit is expressed in kg/ms. 






𝑇∗ = 𝑘𝐵𝑇/ 𝑖 (3.54) 
Thermal conductivity of the 𝑖𝑡ℎ species, 𝑘 is computed as follows [254]: 
 





 ] (3.55) 
 Mixture Properties 




















where ij  is expressed as [254]: 
 


















 Growth or Thickness 
The growth of the film can be predicted by the sum of the deposition rate divided by the 
density of the end product film. Here, Al2O3 film can be taken as 3970kg/m
3. Due to the 
unique self-limiting characteristic of ALD, which restrict the reaction at the surface to no 










However, due to the transient trend, it is required to obtain the sum of the deposition by 
integrating using the Simpsons rule (below) and obtain the area under the curve of the 
deposition rate. But, to record the step deposition rate for each time is too computationally 
demanding in terms of current computational hardware. Additionally, it is seen as good 
practice to record only at certain time steps. This deviation in time steps must then be 
multiplied in so that the correct growth thickness of the film per cycle can be obtained. 
 𝑆𝑖𝑚𝑝𝑠𝑜𝑛𝑠 𝑟𝑢𝑙𝑒 =
𝑡𝑎
3
(?̇?𝑑𝑒𝑝,𝑡𝑖 + 2 ∗ (∑?̇?𝑑𝑒𝑝,𝑡𝑒𝑣𝑒𝑛) + 4




𝑡𝑎 = 𝑡𝑖+1 − 𝑡𝑖/∆𝑥 (3.61) 
The uniformity can be predicted by analysing the change of the thickness between two 
designated points on the substrate. In contrast, conformal growth can be obtained by 
calculating the conformal percentage change as: 
 




 Flow Conversion Factor 
Flow within ALD is mostly abbreviated as sccm (standard cubic centimetres per minute). 
To obtain the inlet boundary condition as a velocity boundary, a conversion to SI units is 
needed. Firstly, the flow is converted to (Pa.m3/s), in which, 1 Pa.m3/s = 592 sccm and then 
by utilising the ideal gas law 𝑃𝑉 = 𝑛𝑅𝑇 and assuming a constant gas flow rate with constant 












In this equation, F is the gas flow rate in SI units as 𝐹 = 𝑓/592, 𝑃, 𝑉, 𝑛, 𝑅 and 𝑇 are pressure, 
volume, number of moles, the universal gas constant and temperature respectively. 𝑃𝑉/𝑡 =
𝑃𝑄 where 𝑄 is the flow rate in 𝑚3/𝑠. Therefore, 𝑃𝑉/𝑡 has the same units as 𝐹 (Pa.m3/s).  
At state zero, the standard state can be assumed to be 𝑃0 = 101325 𝑃𝑎 and 𝑇0 = 273.15 K 
and taking state 1 with a specified pressure 𝑃1 and temperature 𝑇1. Since the value of 𝑛𝑅/𝑡 
















Where 𝐴ℎ𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐 is the area of injection according to the designs hydraulic diameter. 
 Non-dimensional Mass Transport Analysis 
To assist in the understanding of the flow, mass transport and reaction kinetics, 
parameters are calculated in terms of non-dimensional numbers. These numbers can evaluate 
parameters quickly, and illustrate the combination of phenomena with one another. The non-
dimensional numbers are tabulated in Table 3.1. Here, the Sherwood and Stanton numbers 
involve the mass transfer coefficient itself. The Schmidt, Lewis and Prandtl numbers 
describe various comparisons of diffusion. The Reynolds and Péclet numbers describe the 
flow within the reactor. The Damköhler number involves the diffusion with a chemical 
reaction [212].  
3.2.8.1 Mass Transfer Analysis 
Another point of interest is the examination of the diffusion boundary layer thickness 
within the ALD reactors as the flow is passing over the substrate. To accomplish this the 
following theories can be applied.  
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Table 3.1: Dimensionless groups [13, 15, 212, 255] 
Group formula Physical meaning Application 
Sherwood 
Number 




























heat and mass 
transfer 


















































Note: Symbols and dimensions: 𝓓 diffusion Coefficient (𝐜𝐦𝟐/𝐬);𝒌𝒎𝒕 mass transfer coefficient(𝐦/𝐬), 
𝒍 characteristic length(𝐦); ?⃗⃑? fluid velocity (m/s);𝜶 thermal diffusivity(𝐦𝟐/𝐬), 𝜿 first order reaction 
rate constant(𝐬−𝟏);𝝊 kinematic viscosity (𝐦𝟐/𝐬). 
 









δ is the thickness of the boundary layer; 
L is the characteristic length; 
𝑃𝑒 is the Péclet Number ( which can also be re written in terms of Reynold number 
and Schmidt number 𝑃𝑒 = 𝑅𝑒𝑆𝑐). 
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Another well-known theory is the film theory. The simplest of all the theories, the film 
theory assumes that a hypothetical film layer (also called the unstirred layer) exists on the 
surface of the substrate interface that exist. Mass transfer due to diffusion is linearly 
evaluated as shown in Figure 3.1 below [212]. The film theory states that the mass transfer 
coefficient 𝑘𝑚𝑡 is proportional to the diffusion coefficient 𝒟 and independent of the fluid 
velocity 𝑣 .  
 
Figure 3.1: The film theory of mass transfer (modified from Cussler, et al. [212]) 
The theory is valuable for 2 cases. It provides simple physical insights into the mass 
transport, for it shows in simple terms how the resistance occur near the substrate interface. 
It can also accurately predict changes in mass transfer caused by external factors such as 
chemical reactions or concentrated solutions [212]. 
 
𝑘𝑚𝑡 = 𝒟/δ (3.69) 
However, the prior theory is true when 𝑆ℎ = 1  [212]. When the flow is passing a 
substrate, drag causes the fluid and boundary layers to exist. This is fundamentally true for 
hydrodynamics, as well as the typical concentration flow over a surface from cross flow 
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ALD reactors. This can be seen in Figure 3.2 (below). Thus, it is needed to calculate both 
the velocity and the concentration profiles. In other words, it is necessary to examine how 
the Sherwood number varies with the Reynolds and Schmidt numbers. This is known as the 
Boundary layer theory[212]. 
 
Figure 3.2: The boundary layer theory of mass transfer. In this theory, both the flow and 
diffusion are analysed for a flat plate geometry (modified from Cussler, et al. [212]) 

























= 𝑆𝑐−1 (3.71) 

















This theory holds true with experimentation for a flat plate when the boundary layer is 
laminar, which occurs when 𝑅𝑒 = 300 000 [212]. 
The final theory that can be of use is the surface-renewal theory. Within this theory, it is 











Here, 𝜏 is provided as the average residence time, and 𝐸(𝑡) is the residence time distribution 
described in chemical kinetics. The average flux can be calculated as follows [212]: 
 
𝑘𝑚𝑡 = √𝒟/𝜏 (3.74) 






3.2.8.2 The Damköhler Number 
The Damköhler number provides a non-dimensional representation of the limiting 
regimes; a scenario where 𝐷𝑎𝑠  is large, the concentration at the surface (𝐶𝑠) approaches zero, 
and deposition is limited by the maximum rate at which the reactant can be transported to 
the reactive surface. Thus, it is referred to as the transport limited regime. Film thickness is 
non-uniform. In contrast, a kinetically limited regime can be obtained by using a small 𝐷𝑎𝑠 . 
In a kinetically limited regime, the surface concentration is almost equal to the inlet 
concentration 𝐶𝑖𝑛 and the deposition is limited by the surface reaction rate. The deposition 
fluxes can be written as follows [210]: 
 
𝑅𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 = 𝒟𝐶1/𝛿 (3.76) 
 
𝑅𝑘𝑖𝑛𝑒𝑡𝑖𝑐 = 𝑘𝑠𝐶1 (3.77) 
Pauleau [210] reported that the study of the boundary layer thickness and its role in limiting 
regime can affect the growth and uniformity of chemical deposition processes. This current 
research study aims to continue the investigation within the ALD process and its significant 
sequential behaviour. From Pauleau [210], it has been identified that: 
1. 𝑅𝑘𝑖𝑛𝑒𝑡𝑖𝑐 is strongly dependent on temperature. Increasing 𝑇 will allow kinetic limited 
regime to transition as transport limited growth occurs around 𝐷𝑎𝑠 = 1 . 
Additionally, temperature has no effect on the 𝒟 or 𝐶𝑖𝑛, or on 𝛿. 
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2. Total pressure at fixed 𝑃𝑟𝑒𝑎𝑐𝑡  increase will affect the 𝒟  and gas velocity (𝑣 ). 
However, the 𝑃𝑒  and 𝛿  will not change, and 𝑅𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡  will decrease. 𝑅𝑘𝑖𝑛𝑒𝑡𝑖𝑐 
remains unchanged. Transition occurs at a lower 𝑇 value. 
3. When the total flow rate is increased at fixed pressure the boundary layer thickness 
(𝛿) will decrease, whereas 𝑘𝑠  and 𝒟 remains unchanged. 𝑅𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡  will increase, 
and 𝑅𝑘𝑖𝑛𝑒𝑡𝑖𝑐  will remain unchanged. The transition of limiting regimes is more 
favourable at higher temperatures.  
The latter is of major interest, due to the velocity within the reactor change according to 
the increasing flow rates, position from the reactive surface (in which recirculation zones 
and non-laminar flow occur) and the design of the injection. It can be observed that a 
transport limited regime 𝐷𝑎 >> 1 is strongly influenced by the transport phenomena. By 
using CFD, it is possible to reveal the transitions of limiting regime during the ALD process 
and identify Damköhler numbers that can reveal non-uniformities and the boundary layer 
thickness of diffusion. 
3.2.8.3 The Diffusion Coefficient  
In order calculate the effects of mass transfer and the diffusion phenomena within the 
process, the diffusion coefficient is calculated to obtain the flux and concentration profile. 
Although this is obtained typically with experiments within a normal setting, over the past 
years empirical and theoretical methods have been develop to predict the coefficient to 
acceptable accuracy [212]. Within this research Chapman-Enskog theory [212, 256] is 
adopted. In addition, the empirical method suggested by Wilke and Lee [257] is also reported 
to validate the calculated diffusion coefficient. Both these approaches are motivated by 
literature [212, 217] due to their incorporation into the Stefan-Maxwell equations, binary 
and multi-component systems. These can be expressed as follows: 
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𝐶 = −𝜌𝒟𝑖∇𝑌 (3.79) 
In the case of highly diluted species (𝑌𝑖 → 0), as is in vapour deposition processes with 
reactants and reaction products. These diffusion coefficients becomes identical for use 
within the Stefan-Maxwell equations. In addition, the diffusive mass flux due to  
thermos-diffusion (also known as the Soret effect) can be calculated as follows [217]: 
 Ji
T = −𝒟𝑇∇(𝑙𝑛𝑇) (3.80) 
Where 𝒟𝑇 represents the thermos-diffusion coefficient. 
One of the most common methods to estimate the binary gas diffusivity 𝒟𝑖𝑗 in a low 
pressure system was empirically proposed by Wilke, et al. [257]. Here the effective diffusion 



























 𝒟𝑖𝑗 is the diffusion coefficient, [cm
2/s]; 
 𝑀𝑖 , 𝑀𝑗 is the molecular weights of 𝑖 and 𝑗; 
 𝑇 is the Temperature [K]; 
 𝑃 is the pressure in bar; 
 𝜎𝑖𝑗 is the collision diameter, a Lennard-Jones parameter [angstrom]; 
 Ω𝐷  𝑖𝑠 the diffusion collision integral, [dimensionless]. 
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The collision integral is a function dependent on the temperature and intermolecular 














  (3.83) 
Where: 
 
𝑇∗ = 𝑘𝑇/ 𝑖𝑗 (3.84) 
Assuming a binary system of nonpolar molecular pairs, the Lennard-Jones parameters can 
be obtained from the following equation: 
 
𝜎𝑖𝑗 = 0.5(𝜎𝑖 + 𝜎𝑗) (3.85) 
 
𝑖𝑗 = ( 𝑖 𝑗)
0.5
 (3.86) 
The theoretical prediction of the Chapman-Enskog theory [212, 256] predicts the diffusion 
coefficient accurately to approximately 8%. The pressure 𝑃 is subjected into the expression 











The calculation assumes the temperature to be 473.15K and 1330Pa (0.01330 bar or 0.13126 
atm). The Lennard-Jones parameters are obtained from the chemical data base to create an 














𝜺/𝒌𝒃 𝝈 𝒖𝒅𝒑 𝜶𝒑𝒐𝒍 𝒁𝒓𝒐𝒕 
Molar 
Mass 
Ar 0 136.5 3.33 0 0 0 40 
Alme3 2 471.0 5.3 0 0 1 72 
Al2Me6 2 471.0 6.71 0 0 1 73 
Al 0 3296 4.62 0 0 1 27 
O 0 80.0 2.75 0 0 0 16 
O2 1 107.4 3.458 0 1.6 3.8 32 
O3 2 180.0 4.1 0 0 2 48 
C2H6 2 252.3 4.302 0 0 1.5 30 
Note: 𝒖𝒅𝒑is the dipole moment [Debye]; 𝜶𝒑𝒐𝒍 is the polarizability [angstrom
2]; 𝒁𝒓𝒐𝒕 is the rational 
relaxation collision diameter @ 298K; 0,1,2 states the Atom, linear or non-linear state respectively. 
 
Table 3.3: Diffusion coefficient calculated chemical kinetic parameters 
Species 𝑻 ∗ 𝑴𝒊𝒋 Ω𝑫 𝜺𝒊𝒋/𝒌 𝝈𝒊𝒋 
Ar - - - - - 
Alme3 1.8660 51.4074 1.1021 253.5577 4.315 
Al2Me6 1.8660 51.6506 1.1021 253.5577 5.020 
Al 0.7054 1.9511 1.7228 670.7488 3.975 
O 4.5278 22.8480 0.8610 104.4988 3.040 
O2 3.9077 35.5342 0.8897 121.0789 3.394 
O3 3.0185 43.6046 0.9484 156.7482 3.715 
C2H6 2.5496 34.3119 0.9945 185.5773 3.816 
 
Table 3.4: Diffusion coefficient calculated 
 Wilke-Lee Theory Chapman-Enskog theory 
Species 𝓓𝒊𝒋  [𝐦
𝟐/𝐬] 𝓓𝒊𝒋  [𝐦
𝟐/𝐬] 
Ar - - 
Alme3 1.52E-03 1.42E-03 
Al2Me6 1.12E-03 1.04E-03 
Al 4.73E-03 5.48E-03 
O 5.74E-03 5.48E-03 
O2 3.62E-03 3.41E-03 
O3 2.58E-03 2.41E-03 
C2H6 2.61E-03 2.46E-03 
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3.3 Chemical Data, Reaction Mechanism, and Arrhenius Variables 
 Al2O3 Thin Film 
Trimethyl-aluminium (TMA), Al(CH3)3, are used as the metal precursor. Ozone (O3) is 
injected as the oxidant reactant. Argon (Ar) is used as the separator inert purge gas. Argon 
can be used as either the carrier gas to transport the gas into the reactive chamber, or as the 
separator. In this study it is seen as the former. The global reaction can therefore be expressed 
through the following equation [258, 259]: 
2Al(CH3)3(g)  + O3(g) → Al2O3(s) + 3C2H6(𝑔) 
In this study, simulations of the deposition film of Al2O3 are achieved via three irreversible 
surface half reactions and two reversible gas phase half reactions. The half reactions used 
are given in Table 3.5. These reactions are obtained and incorporated into ANSYS Fluent 
from the ChemkinPro database [260].  
Table 3.5. Gaseous, Site and Bulk reaction mechanisms within and at the substrate surface 
[137, 155, 161, 260-265] 
Mechanism Formula 





→O2 + O+M 
Ar = 4.51e
9 m3/mol. s, Er = 100 416 J/mol, β = 0 





→ O2 + O 
Ar = 2.97e
7 m3/mol. s, Er = 25104 J/mol, β = 0 






∗ + 0.5C2H6 
γ = 0.1 






∗ + C2H6 
γ = 1 





→O∗ + 0.5C2H6 + 0.5(Al2O3)
B 
γ = 1 
The detailed database code can be seen in APPENDIX A. It is assumed that the first surface 
layer is fully covered with O-atoms before a cycle commences. The surface site density is 
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assumed to be 2.720x10-9 kg/m3. The Lennard-Jones transport data parameters obtained from 
the in ANSYS [260] is listed in Table 3.6. These are used to calculate the kinetic theory 
correlations. 
Table 3.6: Gaseous, Site and Bulk reaction mechanisms at the substrate surface 
Species 𝑴𝒘 (kg/kmol) 𝝈𝒊(Angstrom) 𝜺𝒊/𝑲𝑩 (K) 
TMA 72.086 5.3 471 
Ar 39.948 3.33 136.5 
O 15.999 2.75 80 
O2 31.999 3.458 107.4 
O3 47.998 4.1 180 
C2H6 30.070 4.302 252.3 
 
3.4 Computational Operational Procedure 
The computational operation starts by a complete investigation of the working principles 
of the specific ALD reactor. Next, the arbitrary or industrial reactor geometry is designed 
using available CAD packages. Typically, the ANSYS Design Modeller is used to design 
the two-dimensional reactors. Additionally, the software is used to discretise zones to 
optimise the mesh grid process and ensure an efficient meshing process. The latter is used 
for both two-dimensional and three-dimensional studies. For three-dimensional studies, the 
geometry is designed using the CAD software SolidWorks. 
The mesh grid process is accomplished through ANSYS Meshing. Here the geometry 
and its divided volumes are meshed, and boundaries identified (non-reactive walls, reactive 
walls, inlet and outlet). Within most of the cases studies hexagonal mesh cells are favoured 
for their accuracy and computation efficiency. The specifics of the mesh grid and 
independence studies are reported in the following chapters.  
The meshed geometries are now incorporated into ANSYS Fluent to simulate the ALD 
process and obtain the required parameters in question. Here boundary conditions and 
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operating conditions are setup. These include the governing laws, flow models, species 
models and reaction chemical kinetics. The chemical data is imported by ChemkinPro data 
for the formation of Al2O3 thin film. Additionally, the model schemes and controls are set 
up along with any external user defined parameters that are required to be monitored during 
the simulation process. An initial guess is made to within the initialisation of the transient 
simulation. The simulations are accomplished by simulating the time steps with appropriate 
sizes to obtain high accuracy and computational efficiency.  
The ANSYS Fluent setup model is incorporated unto the national cluster computing 
resources of South Africa, namely, the Centre for High Performance Computing (CHPC). 
Here, a parallel computing cluster utilising an MPI framework is incorporated. The 
computing resource typically altered between 6- and 10 CPU nodes, each having 24 CPU 
cores respectively. Each node also made use of 96 GB RAM for each node.  
Two-dimensional computation varied from 3-7 days of continual simulation per case.  
Three-dimensional studies varied from 7-14 days of continual simulation per case. The ALD 
sequential process model is adjusted on the computing nodes by a user defined function 
(UDF) created as a journal file. An exemplary UDF file is included in Appendix C. This 
UDF file allows the adjustment of parameters and/or alteration between the pulses and purge 
sequences. 
The simulated data post processed with ANSYS CFD-Post, Microsoft Excel and Origin. 
The visualisation and transient data collection between time steps are extracted by using 
CFD-Post. Microsoft Excel is used as a data base resource, in which extracted data can be 
structured for use in external plotting software such as Origin. Additionally, Microsoft Excel 
is also used for post-process calculation of parameters (such as growth and non-dimensional 




Figure 3.3: ALD numerical modelling workflow  
Within ANSYS Fluent, the pressure based model is adopted to model the ALD process. 
This pressure-based methodology is relevant to low incompressible flows. The velocity field 
is determined by the momentum equation. The pressure fields are attained either via the 
assimilated pressure, or from a pressure correction equation, in which the continuity and 
momentum equations are manipulated [246]. The software ANSYS Fluent resolves the 
governing equations for the mass, momentum, energy and species transport. The pressure-
Geometry Design
•Three dimensional reactor geometry designed by CAD software 
SolidWorks
•Two Dimensional reactor geometry designed by ANSYS design 
modeler
Mesh Grid Preparations
•Reactors sliced and prepared for efficient meshing in ANSYS Design 
Modeler
•Reactor Mesh Grid to make computational cells and nodes on ANSYS 
Mechanical
Model Preparations
• Model prepared on ANSYS Fluent
• Definition (Governing law, property settings, operation parameters)
• Chemical Database imported by ChemkinPro or incorporated via DFT.
• Boundary settings ( reactor wall temperature, inlet, and outlet, among others)
• Solution methods ( coupled/Piso schemes, controls, among others)
• Initialization
Simulation
•Parrallel processing via MPI at National cluster computing services (CHPC) 
Post Processing
•Post processing is obtained via CFD-Post




based solver uses algorithms for projection methods [246]. The pressure or pressure 
correction equation solution constrains the mass continuity of the velocity field. The 
pressure-based solver COUPLED algorithm involves a solution in which the pressure-based 
continuity and momentum equation are coupled and solved simultaneously, after which it is 
solved along with the other governing equations sequentially. Figure 3.4 demonstrates the 
algorithm used [246]: 
 




THE FUNDAMENTAL INVESTIGATION OF CROSS FLOW 
TEMPORAL ALD REACTORS 
4.1 Introduction 
The main objective of the present study is to investigate the unique behaviours identified 
from the incorporation of different injection manifold designs into the ALD reactor domain. 
Focus is set to the fundamental behaviours and dependent interaction of the fluid flow, mass 
transfer, emissions and chemical reactions of three-dimensional arbitrary reactors. Reactors 
are based on laboratory scale cross flow temporal reactors. These studies are built on the 
creation of Al2O3 thin film. Moreover, the reactor designs are assembled to evaluate the 
application of the designs onto current operational ALD machines. The performances are 
identified and the result of the simulations presented and discussed. The section includes 
mesh independent studies of the specific reactors and validation to experimental comparison 
and technical reports. The overall results and discussion of the fundamental investigation of 
the unique injector designs to fabricate Al2O3 thin film is presented. This includes 
discussions, restrictions, and discrepancies of the results. 
4.2 The Ramification of the Injector Design in a Temporal Cross Flow 
ALD Reactor 
In order to pursuit the enhancement of the ALD process, the geometrical design of the 
reactor is a crucial factor to optimise and investigate its underlining occurrences. Inlet 
designs are of significant importance in order to identify and optimize the fluid motion, mass 
transfer flow, and chemical kinetic behaviours of the ALD process. The successful 
progression of such a study will assist in obtaining a ALD reactor design that enhances the 
throughput of ALD (HTALD), improve cycle time, attain enhanced uniformity and 
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conformal film, provide a more favourable step coverage and precursor penetration with 
minimal to no defects. Per se, more comparative information is needed to investigate the 
inlet design change for generic cross flow ALD reactors. To do so, the study compares the 
design of a slotted and cylindrical ported injection inlet, investigating specifically the flow 
having a single manifold in a symmetrical reactor domain. Focus is centred towards the 
interdependence of the flow field analysis, vertical velocity and secondary flow implications, 
mass transfer of the species, chemical growth of Al2O3 thin film, and the thickness 
differences between the two injection designs. 
 Simulation Environment: 
Two generic temporal cross flow reactors are designed and modelled to duplicate the 
atomic layer deposition process having a slotted or a four cylindrical injection port manifold. 
The inlet has been carefully designed to produce constant volumetric flow rates along with 
constant velocity with either design. The reactors are allowed to be injected from the inlet 
into the reactor domain. The injector length is designed to insure a fully developed flow 
before entering the reactor domain. Gaseous substances are heated to 150°C before entering 
the reactor. The gaseous substances are allowed to expand and diffuse in the reactor domain.  
The reactor reactive substrate surface and non-reactive walls are isothermally heated to 
200°C to mimic a typical ALD process. The substrate surface is selected to cover the entirety 
of the reactor domain floor. This is to simulate and investigate the near inlet effects of the 
process where flow is typically non-laminar, and at times chaotic. The flow, in either its 
ALD sequences, is exhausted out of the reactor domain through the pressure outlet boundary. 
The system is transiently investigated having an operation pressure of 1332 Pa (10 torr). The 
reactor designs of the study can be seen in Figure 4.1 for the cylindrical ported design or 




Figure 4.1: Generic cylindrical ported temporal ALD reactor design specifications 
 
Figure 4.2: Generic slotted temporal ALD reactor design specifications 
4.2.1.1 ALD Operational Recipe  
To replicate a typical ALD process a UDF is generated to sequentially alter the flow and 
gaseous substance into the reactor domain. Table 4.1 below illustrate a typical industrial 
recipe. The simulation assumes that the surface is initially covered with reactive o-atom sites. 
A pre-purge is included for computational efficiency, and also, to mimic industrial 
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procedures to first evacuate all possible contaminants out of the reactor domain before the 
operation.  
Table 4.1: Inlet parameters and ALD injection sequence 
Gases Injection time (sec) Velocity (m/s) Sequence 
Argon 0.1 5 Pre-purge 
TMA 0.2 5 Precursor Pulse 
Argon 2.5 5 Purge 
O3 1 5 Reactant Pulse 
Argon 5 5 Purge 
 
4.2.1.2 Simulation Setup and Computational Limitations 
The system is numerically simulated utilizing the transient finite volume approach. This 
study includes non-laminar flow to be recorded by implementing Large Eddy Simulation 
(LES). Smagorinsky-Lilly subgrid-scale model is used along with the dynamic stress 
incorporated in the LES models. The turbulence model utilizes a turbulent intensity of 5.17% 
and a hydraulic diameter of 0.0065 m. It is assumed that only the substrate bottom surface 
will be subjected to a reaction. All other wall boundaries are assumed to be non-reactive.  
It is discretized spatially and temporally with second order upwind and bounded second 
order implicit methods, respectively. The transport equations source terms are linearized and 
the pressure-velocity components are solved by the robust coupled algorithm solver for the 
transient case. Solution residuals are monitored and considered converged when the 
continuity, velocity,  temperature and species components are less than 1x10−4. Transport 
and chemistry equations are solved by using CFD code of ANSYS Fluent and linking 
ChemkinPro packages, respectively. Intrinsically, a user defined function (UDF) is created 
to simulate the sequential ALD process at a time step of 1x10−5seconds. 
107 
 
 The Mesh Grip Design  
The generic cross flow reactors flow domains are meshed into 974 000 and 1 007 497 
nodes for the cylindrical injection manifolds and slotted manifold, respectively. The meshed 
reactors are divided into hexahedral cells throughout both reactors. Emphasis are made by 
smaller meshed cells near the wall boundaries and inlet region. The meshed reactors are 
illustrated in Figure 4.3 and Figure 4.4  
 The Mesh Grip Design Independence Study 
The mesh grid independence is tested by performing a transient simulation of the O3 
injection sequence of the ALD process. The O3 pulse sequence revealed the most interest in 
terms of growth deviations and most likely to depend on the mesh. A transient simulation 
was utilized to verify the y+ parameter within the non-laminar flow regimes. These y+ values 
indicate the possibility of accurately capturing the fine detail required within this study. 
Because both reactors are subjected to similar mesh cell grid size and applied physics, a 
slotted reactor design was utilised as a representative of the independency test. Here, the 
simulation used the operational details previously depicted for different grid structures with 
209 394, 563 100, 788 602, 1 007 497, and 1 356 564 computational cells respectively. A 
grid of 563 100 was sufficient in this study, as the magnitudes of pressure deviations, skin 
friction coefficient, heat transfer coefficients, and surface coverage remained below 4%. 
However, to obtain the in-depth flow behaviours, a grid of 1 007 497 was ultimately selected. 
As such, for the LES simulation, the y+ value is below 0.1. To complement mesh grid size 
and refinement of the slotted reactor, a cylindrical reactor is subjected to a mesh grid with 
974 000 computational cells.  
The time-step independency test is performed for 1 s by using the grid with 1 007 497 
cells, and using time-step sizes of 0.01 s, 0.001 s, 0.0001 s, 0.00001s. Non-reactive flow is 
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simulated for computational efficiency, and demonstrated that the magnitudes of time-
averaged heat transfer coefficients and skin friction coefficients on the substrate remain 
below 3% for 0.0001s. 
 
Figure 4.3: The symmetrical cylindrical ported injection reactor divided 
 into a mesh grid 
 




The accuracy of the study is validated comparing the growth thickness with previous 
experimental results found in the literature. A study from Mousa, et al. [266] studied O3 
precursor growth of Al2O3 at an operation pressure of 2-760 torr. The study revealed that 
growth tends to increase with an operation pressure varying along 0.8-1.2Å for 1 second 
injection of O3 at 2 and 760 torr and at 205°C, respectively. This wide change in growth is 
depicted by the velocity of the flow, in which a higher velocity, at 200°C will fluctuate 
between 0.8-1.2Å. M.Y Li, et al. [267] utilised TMA and O3 as the metal and oxidation 
source precursors, the authors attained a growth rate of 0.96 Å/cycle on a patterned substrate 
with a temperature of 320oC and a process pressure of 1 torr. Sirviö [268] deposited Al2O3 
on a porous substrate at a temperature of 220 oC using TMA and O3. They achieved a growth 
rate of 0.84 Å/cycle.  
 
Figure 4.5: Illustration of the comparative growth profiles of Al2O3 
According to databases, such as those from the University of Pennsylvania [264], the 
growth is recorded to alter between 0.6-0.9Å when temperature conditions vary from 100-
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300°C. Huazhi Li, et al. [269] varied the growth of Al2O3 between 60°C and 200°C, and 
reported growth that can fluctuate between 0.7-1.1Å. These results show close similarity and 
excellent agreement, which corroborates the acceptable accuracy of the numerical study. In 
summary, Figure 4.5 and Table 4.2 demonstrate the thin film growth validation from the 
literature as compared to the present study. This figure also illustrates additional studies and 
indicates their velocity.  




















Li et al. 320°C 0.96 [270] 
Sirviö et al. 220°C 0.84 [271] 




100°C-300°C 0.6-0.9 [264] 
H. Li et al. 60°C-200°C 0.7-1.1 [269] 
 
 Results and Discussion 
The results obtained after simulation are examined and compared between the two 
injection designs, emphasis is made on the recirculate flow seen between the substances 
within their sequential process steps. Following this, an evolutionary analysis is conducted 
to depict the ALD process steps in fabricating the thin film by visualising the time dependant 
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mass transport and surface coverage of the O-atoms. This evolutionary analysis is followed 
by the growth film thickness assessment. Furthermore, due to the generic design, the vertical 
velocity and secondary flow effects in terms of the ALD growth process and mass transport 
properties are analysed and inspected. 
4.2.5.1 The Comparison Analysis of the Flow Fields 
A fluidic phenomenon that plays a key role in the ALD process is the sudden expansion 
of the gaseous substance as it injects or flows past a backward-facing step. Within this flow 
field analysis, this unique phenomenon is seen and compared between the two injection 
designs. This can also translate to substrate/reactor geometrical topology that can cause this 
comparable phenomenon to occur. An example of this might be flow past a platform within 
the reactor, such as those typically present in plug flow reactors, or a substrate with a 
step/trenches/porous (see authors’ works [136, 137, 272]).  
The bulk flow of the injection sequence is visually represented in Figure 4.6 and 4.7 
(TMA injection sequence), Figure 4.10 and 4.11 (O3 injection sequence) below for the 
cylindrical and slotted inlet port reactors. The figures are depicted to illustrate the bulk flow, 
recirculation zones, reattachment regions, and eddy corners that naturally occur with the 
sudden expansion as TMA or O3 is injected into the reactor and allowed to reach a steady 
flow (a flow that does not significantly change as the gas is entering the reactor. Such 
evolutionary phenomena is depicted in the following chapter). However, in order to inspect 
the flow extensively in terms of the growth and mass transport typically seen within the ALD 
process, emphasis is placed on visualising the return flow after the injection step (the 





Figure 4.6: The flow streamlines within the cylindrical injection port design depicting the 
bulk flow of the TMA sequence along with the BFS flow topology (Top); reverse flow at 
the floor, roof, and side walls at the inlet (Left); recirculation and separation of the flow at 
the BFS near the reactive surface (Right) 
This separation of flow within the three-dimensional reactor occurs on the roof, side 
walls, and reactive floor of the reactor. As such, it cause effects in terms of mass transport 
to reactive sites. However, because the substrate is of interest, an assumption is made that 
the reaction only occurs on the substrate floor (although under experimental conditions, 
growth does occur on all surfaces within the reactor if the surface conditions are favourable 
for the reaction to occur). The BFS flow topology zones are emphasised and depicted in both 
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Figure 4.6 and Figure 4.7. The chaotic and large recirculate effects caused by the TMA 
injection are seen with the two injection type designs.  
 
 
Figure 4.7: The flow streamlines within the slotted injection design depicting the bulk flow 
of the TMA sequence along with the BFS flow topology (Top); reverse flow on the floor, 
roof, and side walls at the inlet (Left); recirculation and separation of the flow at the BFS 
near the reactive surface (Right) 
Due to their larger density and weight, these metal precursors cause larger recirculate effects 
in terms of the ALD sequence. It is believed that these chaotic effects can be largely 
intensified if a heavier substance (such as platinum) is used. 
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The slotted injection design of Figure 4.7 reveals a greater wall recirculate effect. 
Especially in terms of penetration length into the reactive domain. This similarly altered the 
velocity magnitude, lowering the maximum injection velocity from 10 m/s recorded in the 
cylindrical type design to 8.404 m/s with the slotted injection. This reduction in velocity is 
more closely revealed in later sections. This recirculation due to the wall effect pushes the 
flow back to the centre to form a “necking” or ventury formation (reduction of flow 
characteristic flow length) for the bulk flow. This is seen to translate and affect the bulk mass 
transport of the reactive substances in the ALD process. In contrast to the slotted reactor, the 
cylindrical reactor does not appear to suffer from necking caused by the near wall effects. 
This is due to the flow being assisted by multiple injectors that dedicate the middle reactors 
to push the flow forward. Only some of the flow and substance are shared between injectors 
and to the near-wall. As such, the far sided ports are allowed to interact with the side wall 
and reduce the near wall effects to the bulk flow. 
The injection of TMA is a highly reactive and pure reaction (no homogenous reaction 
needed to attain reactive species) to the substrate. The reaction is seen as extremely sudden; 
therefore it is challenging to slowly depict the evolutionary growth of the AlMe2 half 
reaction within the ALD process. However, the reaction does illustrate that a complete 
surface site coverage is attained throughout the reactor in both designs. An evolutionary 
depiction is illustrated within Figure 4.8 and Figure 4.9 for both the designs. 
To illustrate the growth dependency in terms of the three-dimensional flow, the O3 
pulsation of the designs clearly indicates the flow topology effects. In Figure 4.10 and Figure 
4.11, the O3 pulse is seen to indicate multiple unique growth coverage relating to the flow 





Figure 4.8: The cylindrical port design depicting the surface coverage evolution through 
time of the AlMe2 film 
Full surface coverage that completes the ALD process is seen to occur at the corners of 
the reactors, as well as the reattachment point after the separation of the bulk flow into the 
recirculation zones. This reveals two distinct growth phenomena due to the mechanistic fluid 
flow effects. The first of these phenomena is the increase in growth due to entrapment of 
reactive substances. Here, multiple re-occurrence of the substance reactions are allowed at 
the substrate surface to permit the reaction to repeat until the particular conditions are 
satisfied. As such, the residence time of the reaction to the surface site is increased. This is 






the injectors, and that of the substances moving between the recirculate zones of the injector 
and the near-wall.  
 
 
Figure 4.9: The slotted port design depicting the surface coverage evolution through time 
of the AlMe2 film  
The second reaction phenomenon that is seen after the separation zone and the so-called 
stagnation flow takes place at the reattachment zone. Here, the streamline from the bulk flow 
is allowed to impinge into the reactive surface and reflect away in order to formulate the new 
boundary layer. However, this impingement allows the recurring flow to provide a high 






the bulk flow. This allows a high concentration of reactive species to be available for the 
reaction to occur, and reduces the diffusion barrier/layer thickness that resists the reaction. 
This manifestation is further studied in detail in the following chapter. 
 
 
Figure 4.10: The flow streamlines within the cylindrical injection port design depicting the 
bulk flow of the O3 sequence along with the BFS flow topology (Top); reverse flow at the 
floor, roof, and side walls at the inlet (Left); recirculation and separation of the flow at the 





Figure 4.11: The flow streamlines within the slotted injection port design depicting the 
bulk flow of the O3 sequence along with the BFS flow topology (Top); reverse flow at the 
floor, roof, and side walls at the inlet (Left); recirculation and separation of the flow at the 
BFS near the reactive surface (Right) 
This BFS phenomenon is not a constant size, with a uniform distributional effect. It is 
instead highly dependent on the geometrical effects (including the step height, design profile, 
pitch between injectors, among others) and neighbouring restrictions (chamber walls). Most 
importantly, it is dependent on the species that is allowed to sequentially inject to formulate 
the unique ALD process. The size of the BFS phenomena (including the eddy corners, 
recirculate zones, separation/reattachment regions, and the formation of the new boundary 
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layer) is illustrated in Figure 4.12 and Figure 4.13 below for TMA, argon and O3 injection 
normal to the injector.  
 
Figure 4.12: The flow streamlines within the cylindrical injection port design depicting the 
sudden expansion phenomena of the TMA (Top Left), Argon (Top Right),  
and O3 (Bottom Left) from the injection port. The plane of observation 
 is shown midway from the internal injector (Bottom Right) 
It is seen that the heaviest particle substance, the metal precursor (TMA), causes a much 
more pronounced phenomenon in which the recirculate flow penetrates deep into the reactor. 
It is theorised that if an even heavier particle substance, such as platinum particles, were 
injected, this effect would multiply greatly. The O3 sequence allows for the occurrence of a 
much more uniform flow. This lighter gaseous substance still causes recirculate effects that 
can potentially prevent the reactive O-atom from reaching the surface, or in some cases (such 
as at the eddy corner) retaining some of the substance for a long time after the purging has 
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started. The argon injection has little effect, and its recirculate nature is small and 
insignificant. Observation of the flow inline from the injection reveals that the BFS 
phenomenon carried greater impact within the cylindrical ported reactor in terms of the TMA 
injection sequence. This is most likely due to the slotted reactor flow momentum being 
diminished as the single entity of injection transports a larger volume of gas to the near wall. 
The result of this, which will become evident later, is that the slotted reactor will have a more 
impactful BFS phenomenon along the near wall.  
 
Figure 4.13: The flow streamlines within the slotted injection port design depicting the 
sudden expansion phenomena of the TMA (Top Left), Argon (Top Right),  
and O3 (Bottom Left) from the injection port. The plane of observation 





Figure 4.14: The flow streamlines within the cylindrical injection port design depicting the 
sudden expansion phenomena of the TMA (Top Left), Argon (Top Right),  
and O3 (Bottom Left) from the injection port. The plane of observation 
 is shown midway of the Reactor (Bottom Right) 
Figure 4.14 and 4.15 are captured to illustrate these recirculate phenomena between the 
injectors (if any) and that of the near wall. Here, the wall was assumed to be slightly further 
away than the pitch between the injectors to visualise the generic effect that might occur. 
However, it does not go as far to assume that the wall has no immediate effects. This is 







Figure 4.15: The flow streamlines within the slotted injection design depicting 
 the sudden expansion phenomena of the TMA (Top Left), Argon (Top Right),  
and O3 (Bottom Left) from the injection port. The plane of observation 
 is shown midway of the Reactor (Bottom Right) 
From the illustration, it is seen that the recirculate nature from the injector to the wall 
can grow much larger, penetrating even deeper into the reactor. Within these zones, larger 
three-dimensional eddy corners can be seen at the corner of the reactors. Confirming the 
surface coverage differences seen before at these locations. The slotted reactor necking 
phenomena can now be well observed. As predicted earlier, the sides walls of the reactor 
impacts the bulk flow due to the near wall effects. This necking or ventury phenomena 
hinders the flow in both precursor sequences within the ALD process. The heavier particle, 
being that of TMA, illustrating the largest necking formation, even within the cylindrical 
ported reactor.  
123 
 
Within the cylindrical ported reactor the flow transporting between injectors are also 
observed. Although it is difficult to render as the recirculate nature as the gas is transported 
across the reactor hemispheres. Flow between injectors does depict separation of flow (that 
is expected) and allow the gaseous substances to flow to and from the hemispherical centre 
of the reactor. Figure 4.16 below shows this phenomena between injectors. 
 
 
Figure 4.16: The flow streamlines within the cylindrical injection port design depicting the 
sudden expansion phenomena of the TMA (Top Left), Argon (Top Right),  
and O3 (Bottom Left) from the injection port. The plane of observation 
 is shown between injectors (Bottom Right) 
4.2.5.2 Mass Fraction and Surface Coverage Evolution Analysis 
The fluid flow (previously examined) is one parameter that can demonstrate the transfer 
of flow throughout the reactor. However, it fell short in presenting the mass transport of the 
124 
 
reactive substance, in particular the reaction that occurs on the substrate surface. 
Additionally, an evolutionary time-dependent representation of the film formation on the 
surface can be beneficial to understand the in-depth phenomena of the ALD process. The 
following analysis illustrates the mass fraction of O3 pulsing timely throughout the reactors. 
This illustrates the mass transport of the substance along and across the cardinal planes as 
the surface is allowed to react and form the Al2O3 thin film. The growth of film is represented 
by the probable surface coverage attained of the o-atom at the top layer of the film 
construction. 
4.2.5.2.A Mass Transport Evolution for Cylindrical Port Injections  
Various time steps are selected to illustrate the evolutionary mass transport and growth 
dynamic in both reactor designs (Figure 4.17-34). These time steps are selected to illustrate 
the growth as the gas enters and pushes the argon inert gas out of the reactor. In addition, the 
mass transport patterns and growth after the pulsation are illustrated as the purge substance 
is purging the reactive substance out of the reactor. Finally, the product is examined 
following production at similar operational conditions. The growth and mass transport 
throughout a filled reactor does not contribute an interest towards evolutionary change, 
however, it is captured along the transient trend presented in the following examination. 
At the 2.9 second time step (Figure 4.17) the gas is already allowed to enter the reactor, 
and begin mixing and diffusing therein. After the injection, the reactive gas is seen to quickly 
start reacting at the high impingement zone (due to the BFS phenomena) on the substrate. 
However, the mixture of the gas is dependent on the flow location. For example, at high 
momentum flow and rapid secondary flow (which typically occurs at and between the 
injectors) the flow forms high purity in the shape of the injector flow path. This form 
translates to the other reaches of the reactor (between injectors to floor/roof or injectors to 
side walls). Here, non-uniform mass transport exists, as the high purity is diffused into the 
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mixture of Argon gas. This diffusion and dilution allows for a lower purity of gas at the 
reactor edges. The gas is retained in that location, and allows recirculation to recirculate 
reactive substances and permit faster growth of the film. 
 
Figure 4.17: The pulsation of O3 gas within the cylindrical ported reactor illustrating the 
growth of Al2O3 represented by the probable surface coverage of the O-atom at the top 
layer of the films’ construction (Top left); mass fraction of O3 transported along the XY 
plane of the reactor (Top right); across the YZ plane of the reactor (Bottom left); 





Figure 4.18: The pulsation of O3 gas within the cylindrical ported reactor illustrating the 
growth of Al2O3 represented by the probable surface coverage of the O-atom at the top 
layer of the films’ construction (Top left); mass fraction of O3 transported along the XY 
plane of the reactor (Top right); across the YZ plane of the reactor (Bottom left); 
 and mid plane of the reactor (Bottom right) at 3 seconds 
At 3 seconds (Figure 4.18) the retention of the flow at the edges at the inlet can be 
explicitly accentuated. This is due to the fact that entrapped reactive substance can allow for 
a faster reaction of the substances. However, the strength of such an occurrence lies within 
the high purity that is allowed to recirculate. As the flow of mass moves between injectors 
and that of the near-side wall, the impingement location is seen to formulate a pattern of 
127 
 
growth that forms in the shape of the previously predicted separation zone of the BFS 
phenomena. A notable lack of reaction occurs at the eddy corners and between injectors in 
which the recirculation zone exist. Despite the lack of reaction, eddy corners display a higher 
growth potential due to the retention of reactive substances. This low growth primarily 
observed in the recirculation is believed to result from the three-dimensional mass transport 
diffusion that transports the reactive substances away from the step, and rather to the stronger 
recirculate zones due to the near wall. This is later authenticated with the slotted reactor 
design. Another point of interest is the formation of growth on the side walls occurring when 
the reactive substances have finally reached a significant distance into the reactor. This 
growth is depicted to be due to near-wall effects (similar to that predicted in CVD by Kleijn, 
et al. [217]), as the gas is transported to the site where flow is impinging faster into the site. 
This is visualised with the secondary flow patterns attained at the near wall effect depicted 
in Figure 4.19. 
 
Figure 4.19: The impingement flow of O3 gas within the cylindrical ported reactor at the 
near wall growth effect  
Some ALD processes rely on different tactics to allow full coverage of the film such as 
operation retention time, flow rate alterations, or closing of the outlet of the reactor. 
However, all these methods (which were discussed in more detail in prior chapters) lead to 
a significant increase in the ALD cycle time. Continuous injections and aspiration of the 
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outlet causes bulk flow to interact at these two stages within the reactor. The outlet, which 
is now extracting the excess and by-product, causes flow variations, and as such the mass 
transport is altered.  
 
 
Figure 4.20: The pulsation of O3 gas within the cylindrical ported reactor illustrating the 
growth of Al2O3 represented by the probable surface coverage of the O-atom at the top 
layer of the films’ construction (Top left); mass fraction of O3 transported along the XY 
plane of the reactor (Top right); across the YZ plane of the reactor (Bottom left);  
and mid plane of the reactor (Bottom right) at 3.1 seconds 
At 3.1 seconds (Figure 4.20) this phenomenon is clear, as the mass transport now 
available at the outlet can react with the surface. However, the reaction is caused by patterns 
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mimicking the suction flow effect on the bulk flow, in which the mass transport can impinge 
on or be retained close to the reactive substance. 
 
 
Figure 4.21: The pulsation of O3 gas within the cylindrical ported reactor illustrating the 
growth of Al2O3 represented by the probable surface coverage of the O-atom at the top 
layer of the films’ construction (Top left); mass fraction of O3 transported along the XY 
plane of the reactor (Top right); across the YZ plane of the reactor (Bottom left); 
 and mid plane of the reactor (Bottom right) at 3.2 seconds 
As the reactor is close to filling with the reactive O3 substance, as in Figure 4.21, the gas 
can react with the surface without the mixture diffusion of the Argon inert species. However, 
an ALD process that relies on the reactant to homogeneously react to form the O-atom 
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species needed to react with the substrate can cause great delays. This is due to the 
homogenous reaction steps being greatly dependent on the pressure (operational and partial 
pressure). A species that tends to react directly with the substrate will not have this problem. 
It will rely on the mass transport to move it to the reactive sites (such as an ALD process 
with TMA/H2O). But as O3 gets divided into its O2 species and O species, the reactive O-
atoms are further required to diffuse and travel with more diffusive resistance. This causes a 
delay, as weak reactions can occur because the species are not effectively providing o-atoms, 
and/or consumption of the needed species is too high. Another influential aspect is the 
possible transport by the bulk flow transporting the substance away from the needed reactive 
sites (as seen around midway through the reactor). Thus, transporting it directly after the 
impingement from the BFS phenomena, past the substrate, directly to the outlet. This is more 
noticeable with the lightest o-atom within these volumes, resulting in the occurrence of 
expensive ALD experiments. 
After the pulse of reactive O3 (Figure 4.22), the surface has an average coverage ranging 
from 20-40%. However, the impingement sections and recirculate zones from the BFS 
phenomena have a well-reached unity. The flow of Argon penetrating and mixing into the 
filled O3 reactor is seen to be compressed and more resistive in terms of moving the O3 
volume of mixed gas. This is especially visible in terms of the contrast, in which the O3 was 
previously allowed to penetrate the argon-filled reactor. The argon is allowed to purge 
throughout its evolution through the reactor to eject excess materials and by products to 
allow the following cycle to occur with a cleaned reactor. However, it is typical that even 
with optimisation and shortening of the ALD cycle, the reaction can still occur deep into the 
purging cycle. This is especially true if lower purging speeds are adopted (as seen in authors’ 





Figure 4.22: The pulsation of Argon gas into the cylindrical ported reactor illustrating the 
growth of Al2O3 represented by the probable surface coverage of the O-atom at the top 
layer of the films’ construction (Top left); mass fraction of O3 transported along the XY 
plane of the reactor (Top right); across the YZ plane of the reactor (Bottom left); 
 and mid plane of the reactor (Bottom right) at 3.9 seconds 
This is still seen ( in Figure 4.23 and 4.24) to be the case as the reaction continues while 
the mass diffusion interaction of O3 and argon diffuse and dilute with one another. These 
gaseous interactions with each other allows the reaction to occur more effectively. The 
reason for this is the partial pressure changes that occur between the mass densities of the 
132 
 
multiple species (O3, O2 and O-atoms, and the possible by products and argon inert gas) 
causing flow disturbances.  
 
 
Figure 4.23: The pulsation of Argon gas into the cylindrical ported reactor illustrating the 
growth of Al2O3 represented by the probable surface coverage of the O-atom at the top 
layer of the films’ construction (Top left); mass fraction of O3 transported along the XY 
plane of the reactor (Top right); across the YZ plane of the reactor (Bottom left); 





Figure 4.24: The pulsation of Argon gas into the cylindrical ported reactor illustrating the 
growth of Al2O3 represented by the probable surface coverage of the O-atom at the top 
layer of the films’ construction (Top left); mass fraction of O3 transported along the XY 
plane of the reactor (Top right); across the YZ plane of the reactor (Bottom left); 




4.2.5.2.B Mass Transport Evolution for Slotted Injections  
The slotted reactor, in contrast to the cylindrical ported, relies on its single injection to 
distribute the mass into the reactor. Therefore, no interaction between injectors is present. 
The slotted reactor design is favourable in terms of the growth perspective of ALD, as the 
flow path is not mixed with another supply, resulting in an ideal uniform distribution of 
mass. However, as the gas feed is supplied and allowed to defuse with a singular entity of 
injections (the slot) and the gas stratifies in all directions, it produces a weaker purity forward 
into the reactor in relation to the cylindrical ported inlet.  
However, one marked difference is that the cylindrical ported inlet could rely on the 
middle injectors to “push” most of the higher purity gas forward as the side injector pushes 
the dispersing of gas back into the bulk flow path. Additionally, the side injectors are free to 
disperse its mass to the side walls. However, the gas interaction between injectors is also 
believed to share and transfer their load of reactant to the flow paths of its neighbouring 
injectors.  
It should initially be evident that a higher purity gas that flows and distributes faster 
would be the best. However, if uniformity is the desired end goal, a smoother distribution 
from the mechanical aspect is of more benefit. From Figure 4.25 (displayed below) the gas 
is seen to distribute in a more diluted form. However, this dilution of gas allows the reaction 
to the surface to be occurring much deeper into the reactor than its opposition, although, its 
opposition has higher surface coverage. The majority of its gas is subjected to the sudden 
expansion phenomenon, in which its supply is reflected away from the surface in a more 
noticeable way due to the high momentum flow. The BFS phenomenon on the slotted design 
allows the recirculate flow to interact and distribute the mass over a much greater surface 
area, meaning less entrapment of gas (as seen with the cylindrical port design). This is 





Figure 4.25: The pulsation of O3 gas within the slotted reactor illustrating the growth of 
Al2O3 represented by the probable surface coverage of the O-atom at the top layer of the 
films’ construction (Top left); mass fraction of O3 transported along the XY plane of the 
reactor (Top right); across the YZ plane of the reactor (Bottom left); 
 and mid plane of the reactor (Bottom right) at 2.9 seconds 
As the reactor is allowed to be filled with more reactant, the gas is dispersed in a more 
concentrated form along the reactor. Although, even at 3 seconds in Figure 4.26, only the 
centre of the reactor is subjected to a high purity of flow. This results in full surface coverage 
being attained where higher purity and momentum of flow is imposed into the substrate. The 
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corners of the reactor are similarly entrapping reactive gases, but the entrapped gas is 
distributed in the recirculate flow with a higher surface area of coverage.  
 
 
Figure 4.26: The pulsation of O3 gas within the slotted reactor illustrating the growth of 
Al2O3 represented by the probable surface coverage of the O-atom at the top layer of the 
films’ construction (Top left); mass fraction of O3 transported along the XY plane of the 
reactor (Top right); across the YZ plane of the reactor (Bottom left);  





Figure 4.27: The pulsation of O3 gas within the slotted reactor illustrating the growth of 
Al2O3 represented by the probable surface coverage of the O-atom at the top layer of the 
films’ construction (Top left); mass fraction of O3 transported along the XY plane of the 
reactor (Top right); across the YZ plane of the reactor (Bottom left);  
and mid plane of the reactor (Bottom right) at 3.1 seconds 
One advantage of the slotted design is the diffusion interaction of reactive and inert 
gases, which allows the partial pressure changes to assist in the homogenous reaction of the 
O3 gas to produce the needed O-atom. Therefore, the lesser purity that results from 
dispersion is seen to be beneficial and allows the reactant to reach the reactive surface, where 





Figure 4.28: The pulsation of O3 gas within the slotted reactor illustrating the growth of 
Al2O3 represented by the probable surface coverage of the O-atom at the top layer of the 
films’ construction (Top left); mass fraction of O3 transported along the XY plane of the 
reactor (Top right); across the YZ plane of the reactor (Bottom left);  
and mid plane of the reactor (Bottom right) at 3.2 seconds 
The flow is more uniformly distributed in terms of the mass transport flow path, which 
permits the outlet to extract the reactant and by-product gases more uniformly. This results 
in a more uniform interaction of reactions due to the extraction momentum of the flow from 
the outlet. This causes flow disturbances, allows the reactive gas to interact with the surface 
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and produce a higher surface coverage near to the outlet area of the reactor (as depicted in 
Figure 4.27). 
With a nearly-filled reactor (Figure 4.28), the homogenous conversion of O3 into the O2 
and O-atom is purely subjected to the operating pressure without the assistance of the partial 
pressures obtained between the prior inert substances. This homogenous reaction is slow, 
and leaves the filled reactor to distribute the attained O-atom to the surface. Although the 
reaction continues to occur, it remains a timely process as it depends on the reactant to be 
converted from the reactant source. 
Figure 4.29 illustrates the surface coverage of Al2O3 film’s top O-atom layer between 
the two reactor designs after the O3 injection sequence. From its visual representation, it can 
be seen that the slotted reactor represents a higher average surface coverage. However, the 
outlet growth obtained due to the extraction of the gas has a more dominant effect on the 
growth dynamic. The cylindrical ported design is highly reliant on the filled reactor growth 
dynamic, in which an O-atom is tasked to diffuse through the O3 and O2 and the by-products 
to evenly cover the middle zone of the reactor, where the BFS phenomena have little to no 
impingement effect. This zone is referred to as the new boundary layer zone. Here, the 
impingement growth caused by the BFS phenomena can be well compared, especially with 
respect to the eddy corner and recirculate flow growth at the edges of the reactor. In 
conclusion, the outlet position and design can have additional effects of growth dynamic in 
an ALD reactor, and can be a subject of study in future works. 
As the gas is purged out of the reactor (Figure 4.30), surface growth continues, allowing 
further coverage onto the substrate. The highest coverage can now be seen to occur along 
the interaction between the filled O3 reactant and the Argon inert gas entering the reactor. 
Argon is seen to penetrate the reactant volume of gas, and stratifies and dilutes the volume, 





Figure 4.29: The surface coverage comparison after the completion of the injection 






Figure 4.30: The pulsation of Argon gas into the slotted reactor illustrating the growth of 
Al2O3 represented by the probable surface coverage of the O-atom at the top layer of the 
films’ construction (Top left); mass fraction of O3 transported along the XY plane of the 
reactor (Top right); across the YZ plane of the reactor (Bottom left); 
 and mid plane of the reactor (Bottom right) at 3.9seconds 
Figure 4.31 and 4.32 depicts the surface coverage reaching unity along the interaction 
between volume gases moving throughout the reactor. This is due to the specific slotted 
design, which allows a single entity of injections. A certain quantity of gas is seen to remain 
at the edges of the reactor. This entrapment continues to feed the surface to react with the 
reactant, although it is diluted to a great extent. This feed allows a longer reaction time to 
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occur, rather than evacuating all the reactant out of the system as fast as possible. This is 
favourable for ALD chemicals that rely on an additional homogenous step to produce the 
species that allow the specific reaction to occur. Most notably, it is favourable in the case of 
partial pressure increases that provide heightened decomposition of the gases. 
 
 
Figure 4.31: The pulsation of Argon gas into the slotted reactor illustrating the growth of 
Al2O3 represented by the probable surface coverage of the O-atom at the top layer of the 
films’ construction (Top left); mass fraction of O3 transported along the XY plane of the 
reactor (Top right); across the YZ plane of the reactor (Bottom left); 





Figure 4.32: The pulsation of Argon gas into the slotted reactor illustrating the growth of 
Al2O3 represented by the probable surface coverage of the O-atom at the top layer of the 
films’ construction (Top left); mass fraction of O3 transported along the XY plane of the 
reactor (Top right); across the YZ plane of the reactor (Bottom left); 
 and mid plane of the reactor (Bottom right) at 4.1 seconds 
The reactor is almost fully purged from any remaining reactant substances (Figure 4.33). 
On the surface, in contrast to the cylindrical ported design, the film growth on the surface 
has greatly benefitted from the slotted design, as the majority of surface has reached unity. 
However, some areas between the injection and removal of the gases allowed near wall 





Figure 4.33: The pulsation of Argon gas into the slotted reactor illustrating the growth of 
Al2O3 represented by the probable surface coverage of the O-atom at the top layer of the 
films’ construction (Top left); mass fraction of O3 transported along the XY plane of the 
reactor (Top right); across the YZ plane of the reactor (Bottom left); 
 and mid plane of the reactor (Bottom right) at 4.2 seconds 
After the completion of an ALD cycle, Figure 4.34 depicts the surface coverage between 
cylindrical ported and slotted reactors. It is noted that the slotted reactor has caused the 
probable surface coverage to double in comparison to the cylindrical ported reactor. The 
cylindrical ported reactor shows that within following ALD cycle, the growth might not 





Figure 4.34: The surface coverage comparison after the completion of the ALD Cycle 
between the cylindrical ported (Top) and slotted reactor (Bottom) 
This causes binding defects that can potentially lead to a weak film structure, non-
uniform growth of the film, and lack of growth on the substrate. Thus, the fabrication process 
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cost rises and the process becomes unfavourable to consumers. Although, in terms of 
optimising the ALD process, further investigation should rely on dose time, purging times, 
geometrical changes (such as step heights and the outlet position), additional reaction time 
(such as process retention time between cycles) to improve the growth of the film and the 
uniformity thereof.  
4.2.5.2.C Vertical Flow Field Analysis 
The issue that is dealt with in this section is the reason for variation of performance of 
the slotted reactor and poor reaction of the cylindrical ported reactor after an ALD cycle, in 
terms of the surface coverage of o-atom. This issue is especially relevant after the sudden 
expansion phenomena. To investigate the cause of this, the vertical velocity of the flow is 
analysed. The reactors are firstly investigated at the end of its O3 sequence (3.8 seconds) at 
0.1 mm from the reactive surface to display the velocity within the diffusion barrier (also 
known as diffusion velocity). However, emphasis is placed on displaying the contour plots 
of vertical velocity impinging downwards unto the substrate surface. The upward direction 
is ignored in Figure 4.35, and only the downward vertical velocity is displayed. 
From the figure, it can be observed that the areas of recirculation affect the substrate in 
accordance with the flow motion as previously described. However, the growth coverage 
within these parts has been discussed in detail before.  Therefore, it is only for confirming 
the growth impingement and recirculation due to the recirculate nature within the sudden 
expansion phenomena. From the perspective of surface flow, the high flow impingement 
into the substrate corresponds to the BFS zones of reattachment and separation regions. 
Additionally, correspondence is revealed to the maximum impingement area in accordance 
to the injector position. Yet the interest is the coverage after the sudden expansion, in which 
the coverage struggled to form. From Figure 4.35, it is clear that both designs illustrate a 





Figure 4.35: The contour plots of vertical velocity impinging downwards unto the substrate 
surface at 0.1 mm from the reactive surface to display the vertical velocity within the 
diffusion barrier  
148 
 
Because both were subjected to similar inlet injection velocity, both cases reveal similar near 
surface impingement vertical velocity magnitudes. The outlet effects differ and affect the 
surface growth accordingly with position and time step, although the majority of the surface 
is still subjected to the downward flow. 
If the majority of the surface is evenly distributed as suggested in Figure 4.35, what is 
the explanation for the discrepancy? One way to determine the cause of the discrepancy is 
to analyse the mass transport dilution to and from the surface within a concentration 
boundary and/or a diffusion boundary simulation. This is a preferred and customary 
approach. However, this will be demanding in terms of computation and time. Another 
approach is to investigate the vertical velocity within the bulk flow path. The prior approach 
has been adopted within Figure 4.36 and 4.41 for the cylindrical ported and slotted reactor 
designs respectively. Here, a plane on the XZ axis is projected 2.5 mm from the surface. 
This allows for capturing the bulk flow path to and from the surface in terms of the bulk flow 
vertical velocity component (in contrast to the prior near surface vertical velocity). The 
vectors are normalised to enable the investigation and rely on the colour contour of the vector 
to illustrate its magnitude. The isometric view is projected to allow a clear depiction of the 
flow upward away from the surface. The reverse axis isometric view is shown to display the 
vertical flow supply (downward) to the diffusion layer above the substrate. 
From observation of Figure 4.36 and 4.41 (Top) the flow is seen to reflect away from the 
surface within the eddy corner and side wall recirculation. Additionally, the outlet also 
impacts some locations near to the exit of the reactor. Figure 4.36 (Top), however, reveals 
that the majority of the mass transport is reflected away with the flow over the central part 
of the reactor. This is the result of the momentum after the sudden expansion phenomena 
that allowed the reflecting flow off the reactive surface to flow past the substrate, causing 
the majority of mass to be transported away from the diffusion layer. This suffocates the 
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layer and allows poor transmittance, and the reaction struggles to occur as the retention time 
reduces, in which there is a lack of high purity of the O-atom. However, the O3 gas previously 
displayed its existence at the surface. The decomposing O-atom is more subjected to 
disturbances of the flow and can be transmitted away from the surface. This is particular 
appropriate if the diffusion resistance is further increased with the bigger O3 and O2 particles 
along with the by-products.  
Figure 4.41 similarly shows regions in which the mass is transported to and from the 
surface in the sudden expansion phenomenon zones. However, the gas continues to allow 
the supply of the reactive substances towards the diffusion layer near the substrate. As the 
BFS phenomena was subjected to necking and higher central impingement, the bulk gas flow 
adjusted and permitted the lower momentum to allow the mass to travel downward. The 
exception is found at the middle, in which it aligns with the injector and the maximum flow 
impingement that still resulted in a small reflection over the central location. This is 
ultimately corrected later with the interaction of species that allowed the location to reach a 
near saturated state. 
In both designs, the sidewalls have mass transported to them, allowing growth to occur. 
This can explain the phenomenon in which the growth near the sidewalls grown substantially 
larger. Although the flow, as expected, is reduced when reaching the surface. This is even 
more favourable as the flow is slowed and allows longer reaction retention time and 
substance removal time.  
Furthermore, a string of the flow direction can be projected 2.5 mm away from the 
substrate surface to depict the local direction change of the vertical velocity component of 
the bulk flow. This is done to observe the flow direction change in line with the injectors, 
between the injector, and near the sidewall. This is depicted for the cylindrical ported reactor 





Figure 4.36: The vertical velocity within the bulk flow path of the cylindrical injection: 
isometric view (Top) illustrating the upward vertical velocity; reverse axis isometric view 




Figure 4.37: Local comparison between the vertical velocity and that of the surface 
coverage of O-atom in line with the injector (cylindrical ported reactor) 
 
Figure 4.38: Local comparison between the vertical velocity and that of the surface 




Figure 4.39: Local comparison between the vertical velocity and that of the surface 
coverage of O-atom in line with the second injector (cylindrical ported reactor) 
 
Figure 4.40: Local comparison between the vertical velocity and that of the surface 
coverage of O-atom in line with the second injector (cylindrical ported reactor)  
at 3.9 seconds with the interaction of the purging inert gas 
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The cylindrical ported reactor local vertical velocity strings are displayed inline and 
between the injectors (Figure 4.37-39). Here the relation of the feed of flow is clearly seen 
to complement the surface coverage (or lack thereof) of O-atoms. Although some locations 
depict downward flow even within weak coverage areas. The reason for this is that the time 
interaction of reaction can be allowed to occur for the next time sequence. Growth might 
therefore occur within that location within the next possible time step. Although accordingly 
to the reaction kinetics of the chemistry. This is seen within Figure 4.39 and 4.40, as the 
prior direction of flow allowed additional growth to appear after the BFS zone, this only 
being a single 0.1 second time-step after the O3 pulse (start of the Argon Purge). Figure 4.40 
also demonstrates that the interaction of species can change the direction of the feed to and 
from the surface, thereby allowing areas previously being suffocated from pure substance 
(or a lack thereof) to be provided by diluted substance with reactive O-atom species.  
The slotted reactor local vertical flow shows the similar depiction as previously 
discussed (Figure 4.42-44). However, it contributes to revealing the location changes being 
complementary in line with the injector as in the cylindrical ported reactor, as well as effects 
due to the near wall (between the injector and the sidewall). These vertical velocity 
components do alter, as they illustrate areas where growth has halted, or areas that have 
spikes in coverage caused by the feeding of the diffusion or concentration boundary layer 
with the reactant needed to allow the reaction to occur. This can be due to the share of 
reactant being reflected from the sidewalls or neighbouring flow streams. These flow streams 





Figure 4.41: The vertical velocity within the bulk flow path of the slotted injection: 
isometric view (Top) illustrating the upward vertical velocity; reverse axis isometric view 




Figure 4.42: Local comparison between the vertical velocity and that of the surface 
coverage of O-atom in line with the injector (slotted ported reactor) 
 
Figure 4.43: Local comparison between the vertical velocity and that of the surface 
coverage of O-atom in line with the injector of the slotted reactor at a complimentary 




Figure 4.44: Local comparison between the vertical velocity and that of the surface 
coverage of O-atom between injector and the sidewall (slotted ported reactor) 
It can be concluded that this approach of flow evaluation illustrates a useful 
understanding of the feed of flow transporting the reactive substance to and from the surface.  
In spite of this, an additional layer of understanding is formulated as this transmittance of 
reactive substances is dependent on the bulk flow direction above the diffusion layer. The 
interaction of gaseous species may change the steady flow pattern and streams that are 
formulated from the sidewalls and after the BFS phenomena.  This allows the surface to be 
introduced to the needed o-atom that is further decomposed via the influence of partial 
pressures. This introduction is visually depicted in the vertical velocity component of the 
bulk flow. 
4.2.5.3 Time Dependant Visualization of the Mass and Surface Coverage throughout 
the Reactor 
Previously, various time steps were used to visually depict the growth coverage dynamic 
of Al2O3 thin film on the substrate surface. However, they lacked the transient effects of 
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growth throughout the sequences. To illustrate the process, various points are selected to 
illustrate the growth near the inlet and along the reactor. 
 
Figure 4.45: A reactor representation of the cardinal points recording the parametrical 
changes on the substrate surface between the reactor designs 







A 2.5 5.75 
B 2.5 11.5 
C 2.5 17.25 
D 2.5 23.625 
II 
E 20 5.75 
F 20 11.5 
G 20 17.25 
H 20 23.625 
III 
I 50 5.75 
J 50 11.5 
K 50 17.25 
L 50 23.625 
IV 
M 100 5.75 
N 100 11.5 
O 100 17.25 
P 100 23.625 
V 
Q 150 5.75 
R 150 11.5 
S 150 17.25 
T 150 23.625 
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These points are lined and grouped by strings to depict the process along the XZ cardinal 
plane on the substrate surface, as seen in Figure 4.45 below. The coordinates of the points in 
terms of the midline edge of the inlet are reported in Table 4.3. 
4.2.5.3.A Mass and Surface Coverage for the Cylindrical Ported Injection  
The surface coverage and available O3 mass fraction are plotted to depict the transient 
trend from the O3 pulse sequence (Figure 4.46-47). String I and II (Figure 4.46) illustrate the 
behaviour close to the inlet injection, whereas strings III, IV and V (Figure 4.47) depict the 
formation of the top O-atom layer of the Al2O3 film in quarterly intervals from the inlet of 
the reactors. These cardinal locations are aligned to examine the growth within the injection 
path, between injectors, and between the injectors and the side wall. 
 
 
Figure 4.46: String I and II trend of O3 mass fraction and surface coverage of O-atom 






Figure 4.47: String III, IV and V trend of O3 mass fraction and surface coverage of O-atom 
throughout the ALD cycle within the cylindrical ported reactor 
Near the inlet (Figure 4.46), it can be seen that most of the surface coverage occurs due 
to the injection of the reactant, and relies on the purging sequence to allow unity (or sites 
close to unity) to be reached. The I string reveals that the substrate sites close to the inlet 
will suffer greatly at the injection ports, especially inline and between the injectors where 
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the flow is more chaotic. There, the flow does not allow much reactant to intermix with the 
inert gas and allow the homogenous reaction to occur effectively. This is not the case, as the 
gas can be transported to the side wall, thus, permitting gas entrapment and ensuring surface 
coverage to be reached.  
The deviation of substances is seen globally at the near inlet, as the gas is not traveling 
along the bulk flow but rather rely on the recirculate nature of BFS phenomena to transport 
the reactive mass to the site of interest. String II reveals the best surface coverage attained 
within the pulse sequence. This is due to the zone being well in line with the impingement 
of flow where the flow separation and the reformation of the new boundary layer is formed. 
This zone is investigated further in a later chapter. 
String III to V rely (as shown in Figure 4.47) on the bulk flow to transport the reactive 
mass to the site. Nonetheless, the momentum of flow has been greatly reduced due to the 
BFS phenomena. Growth of the film is dependent on minor flow disturbances within the 
new flow, and the mass boundary layer to reduce mass transport resistance. Additionally, 
the mass transport is plagued by the decomposed species of the O3 homogenous reaction, 
and that of the prior by-products, to transport the o-atom to the reactive sites. This results in 
very little surface coverage being attained even if the O3 reactant is highly pure at that 
specific site.  
In String III, the dependency of the intermixing at the start of the pulsation and that of 
the following purging corroborates the need for interacting species within the ALD process 
to allow faster film growth. String IV depicts the middle of the reactor. It is apparent that 
with the lowest momentum forces being in play, low growth is attained. Without an external 
retention time to allow gas to reach these reactive sites as the gas “settles” due to gravity, 
these sites do not receive adequate exposure time to allow reaction time to occur. String V 
exposes the outlet effects on the growth as the site coverage increases due to the flow being 
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extracted out of the system allowing flow disturbances to transport the needed species to the 
sites. 
4.2.5.3.B Mass and Surface Coverage for Slotted Injections  
Thereafter, the complimentary cardinal points are examined within the slotted injection 
reactor. Similarly, String I and II depict the behaviour of the mass transport and the O-atom 
surface coverage attained near the inlet area (Figure 4.48). String III, IV, and V depict the 
parametric trends in quarterly intervals from the inlet (Figure 4.49). Comparing these figures 
with Figure 4.46 and Figure 4.47 of the cylindrical ported design, it can be observed that 
similar trends do occur. However, String I (Figure 4.48) shows that only the designated point 
at the core of the injection is left with less surface coverage.  
 
 
Figure 4.48: String I and II trend of O3 mass fraction and surface coverage of O-atom 






Figure 4.49: String III, IV and V trend of O3 mass fraction and surface coverage of O-atom 
throughout the ALD cycle within the slotted reactor 
Additionally, this process is also favoured throughout the reactor due to the purging 
sequence. String II, in contrast to the cylindrical ported reactor, allows a more diluted growth 
to occur due to the single entity of injection being not supported or enhanced by 
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neighbouring injection ports. The growth coverage, however, is well-favoured where the 
core of the injection flow impinges on the substrate surface.  
String III (Figure 4.49) exemplifies the advantage of the slotted design by illustrating 
that coverage of the O-atom is greatly increased deep throughout the reactor. Nevertheless, 
the cardinal location positioned closer to the side wall still struggles to react within the 
pulsation period. This is again quickly rectified within the purging period. String IV still 
retains the lowest coverage due to the fluid momentum forces being reduced. However, a 
great improvement is demonstrated in relation to the cylindrical ported reactor.  
String V, as expected, is also greatly improved, especially with relation to the cardinal 
location closer to the side wall, as the wall boundary layers are impacted by the withdrawal 
of gasses to the outlet. This analysis can be visualised via a time dependence and sequence 
dependence of surface coverage attained from the half-reaction of the ALD process between 
the designs. The following section will examine how this variation of performance reflects 
on the final growth thickness and uniformity across the substrate surface.  
4.2.5.4 Growth and Uniformity Analysis of the Two Reactor Designs 
To examine the end product thickness obtained after a cycle of the ALD process, the 
cardinal points (in Figure 4.45) are analysed by first observing the growth attained in Strings 
from the inlet (Table 4.4). Next, an overall observation can be made between the two reactor 
designs. In addition, along the injection path, line data are extruded from the cardinal points 
to contemplate the growth along the reactor length (Table 4.5). 
When the designs are compared, it was evident that the slotted reactor was the only 
design to achieve a close to unity coverage. Thus, the growth of Al2O3 is required to reflect 
the growth typically expected from experimental studies. Attaining an average of 0.93 Å, 
the growth can be best confirmed from prior experimental works, such as Huazhi Li, et al. 
[269] (0.7-1.1Å) and University of Pennsylvania [264] (0.6-0.9Å), among others. The 
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cylindrical ported reactor fell short as an average growth of approximately 0.49 Å is attained. 
This average growth figure is expected, as around half of the surface received probable 
coverage. It is believed if the ALD process recipe were to be adjusted to allow full coverage, 
the net growth will have doubled and complement prior experimental works. 
As expected from String I (Table 4.4) in both designs, the area is revealed not to yield 
full surface coverage of the O-atom, which illustrates the lowest achieved probable growth 
thickness. Although in contrast, this location is much larger within the cylindrical ported 
design, and poor growth is expected between and in line with the injectors. The entrapped 
gas at the recirculate vortices are well covered, and in both designs growth is revealed to 
compliment experimental studies.   
Within both designs, String II examines growth close within the impingement area of 
flow. From the early stages of the growth evolution, as seen previously, growth and coverage 
is rapidly obtained. Good uniformity is reached between the designs, especially with respect 
to the cylindrical ported design, in which a deviation of 0.01Å is recorded. This zone is well 
represented within the separation zone of the bulk flow, causing a stagnant flow. This is well 
confirmed in the upcoming chapter where the step height effects are evaluated.  
From String III, the cylindrical ported design coverage efficiency is diminished and only 
attains approximately a 40-60% probability of growth for the remainder of the substrate 
(String IV and V).  This results in growth thickness of the Al2O3 film being much lower than 
expected (average around 0.42Å). The slotted design reaches full coverage within String III, 
IV, and V, and illustrates uniform growth therein. The average growth deviation is 0.07Å 
(String III) and 0.03Å (String V). String IV reveals a larger deviation due to the near wall 
effect that affected points close to the wall (Point P), but even so growth deviation is shown 
to be around 0.19Å along the string. String IV and V demonstrate the largest attained growth, 
averaging approximately 0.97Å and 1.07Å. These values fall well within the expected 
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growth and compliment values typically examined at similar locations within experimental 
works.  
Table 4.4. Growth thickness analysis after an ALD cycle between the cylindrical ported 
and slotted reactor  














A 0.37 Average 0.52 
I 
A 0.64 Average 0.84 
B 0.48 Max 0.62 B 0.98 Max 0.98 
C 0.62 Min 0.37 C 0.88 Min 0.64 
D 0.62 Deviation 0.25 D 0.85 Deviation 0.34 
II 
E 0.58 Average 0.58 
II 
E 0.96 Average 0.89 
F 0.58 Max 0.59 F 0.91 Max 0.96 
G 0.58 Min 0.58 G 0.81 Min 0.81 
H 0.59 Deviation 0.01 H 0.86 Deviation 0.15 
III 
I 0.63 Average 0.53 
III 
I 0.86 Average 0.88 
J 0.62 Max 0.63 J 0.84 Max 0.91 
K 0.48 Min 0.38 K 0.90 Min 0.84 
L 0.38 Deviation 0.25 L 0.91 Deviation 0.07 
IV 
M 0.40 Average 0.43 
IV 
M 1.04 Average 0.97 
N 0.41 Max 0.47 N 0.92 Max 1.05 
O 0.43 Min 0.40 O 1.05 Min 0.86 
P 0.47 Deviation 0.07 P 0.86 Deviation 0.19 
V 
Q 0.43 Average 0.41 
V 
Q 1.05 Average 1.07 
R 0.40 Max 0.46 R 1.06 Max 1.08 
S 0.35 Min 0.35 S 1.08 Min 1.05 






Max 0.63 Max 1.08 
Min 0.35 Min 0.64 
Deviation 0.28 Deviation 0.44 
 
In both designs, the growth thickness is seen to reflect a uniform film along the string 
planes. However, the growth along the flow path needs to be examined. Table 4.5 examines 
the growth along the lines of the cardinal points, in order to reveal the growth dynamic 
according to the position away from the reactors inlet. The slotted reactor reveals that growth 
increases along the substrate away from the inlet edge. Typical deviation takes place over 
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the length, being around 0.2Å. Only line i deviates to 0.41Å, due to the low growth at the 
inlet. However, it retains growth thickness afterwards, and displays a deviation within 0.2Å. 
Table 4.5. Growth thickness analysis along the substrate length after an ALD cycle 
between the cylindrical ported and slotted reactor 
CYLINDRICAL PORTED SLOTTED 
Line Point Growth (Å) Line Point Growth (Å) 
i 
 
A 0.37 i A 0.64 
E 0.58 E 0.96 
I 0.63 I 0.86 
M 0.40 M 1.04 
Q 0.43 Q 1.05 
Maximum 0.63 Maximum 1.05 
Minimum 0.37 Minimum 0.64 
Average 0.48 Average 0.91 
Deviation 0.26 Deviation 0.41 
ii B 0.48 ii B 0.98 
F 0.32 F 0.91 
J 0.62 J 0.84 
N 0.41 N 0.92 
R 0.40 R 1.06 
Maximum 0.62 Maximum 1.06 
Minimum 0.32 Minimum 0.84 
Average 0.45 Average 0.94 
Deviation 0.30 Deviation 0.22 
iii C 0.62 iii C 0.88 
G 0.58 G 0.81 
K 0.48 K 0.90 
O 0.30 O 1.05 
S 0.35 S 1.08 
Maximum 0.62 Maximum 1.08 
Minimum 0.30 Minimum 0.81 
Average 0.47 Average 0.94 
Deviation 0.32 Deviation 0.27 
iv D 0.62 iv D 0.85 
H 0.59 H 0.86 
L 0.38 L 0.91 
P 0.47 P 0.86 
T 0.46 T 1.08 
Maximum 0.62 Maximum 1.08 
Minimum 0.38 Minimum 0.85 
Average 0.50 Average 0.91 




The cylindrical ported reactor suffers, as full coverage can only be attained in the near-
inlet area (where the BFS phenomena played a crucial role). Therefore, growth decreases 
along the substrate in all line sequences. The growth thickness deviations being around 0.3Å. 
Line iv, Point L, reveals the near wall effect midway within the reactor. This caused the 





THE FLOW RAMIFICATIONS DUE TO THE BACKWARD-FACING 
STEP PHENOMENA AND NON-LAMINAR FLOW  
WITHIN AN ALD PROCESS. 
5.1 Introduction 
In this section, a two-dimensional reactor scale study is investigated through the 
implementation of industrial ALD process recipes for the fabrication of Al2O3. The aim of 
this chapter is to identify critical issues and the underlining singularities of the transitional 
and recirculation phenomena observed in the atomic layer deposition thin film process. 
Deformation, vorticity and the evolution thereof in a flow field are analysed, along with 
topological fluid dynamics of the backward-facing step (BFS) phenomena and the 
recirculation flow patterns typically observed within a horizontal atomic layer deposition 
reactor. Emphasis is placed on investigating the saddle points in the resulting vortex 
shedding, eddy distortion and recirculation. The intention is to gain insight into the effects 
of such recirculation occurrences on the thin film formation and growth in an ALD process. 
The topological analysis is carried out in order to identify the critical issues found due to 
step height alterations and injection speed variations along the mass transfer and chemical 
reactions within the ALD process.  
5.2 Case study 1: The Ramifications of Step Height in Temporal Cross 
Flow Thermal Reactors 
An arbitrary reactor is designed and used to simulate the backward-facing step and non-
laminar flow fields of a typical temporal cross flow reactor. To capture these flow field 
phenomena in detail a two-dimensional reactor is designed that is based on the previous 
chapters cross flow type reactors. In doing so designing a flow over a backward facing step 
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from the inlet. This is prepared to emphasize on the unique physical and chemical 
phenomena found with height variations at a constant flow rate into the ALD reactor domain. 
To capture the ramifications due to the step height, near wall effects are ignored, as well 
as external inlet flow affects the design might pose (such as multiple injection ports). The 
reactors are designed to have a constant floor to reactor roof distance and inlet dimensions. 
The reactor geometrical changes are only adjusted in accordance with the inlet step height. 
Although a speed adaptation is required to relate to a three-dimensional flow as suggested 
by Ouazzani, et al. [273], this chapter neglects this adaptation to focus on the qualitative 
behaviour of the parameter changes. It is assumed that the width-to-height ratio is 
significantly large to neglect side wall effects. More so, the consumption on the side walls 
and roof of the reactors is assumed to be negligible. In this investigation, four step heights 
were analysed. A reactor having a 2.5 mm, 5 mm, 7.5 mm, and 10 mm step is investigated. 
Figure 5.1 below illustrates the overall design of the reactors. Dimensions of the reactor is 
summarized in Table 5.1. Full reactor designs can be seen in APPENDIX B.  
 
Figure 5.1: The two-dimensional reactor design and boundary conditions within a temporal 
cross flow ALD reactor 
The ALD process starts by allowing the sequential gas, being the precursor, reactant, or 
inert gas respectively, to be injected from the inlet boundary. The inlet gas is injected at a 
temperature of 150°C. The flow is transferred through an inlet tube to allow the flow to 
become fully developed before entering the reactor. The flow enters the reactor domain and 
is exposed to a greater volume, in which, the entering substance suddenly expands.  
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D 5 5 5 5 
Step height  
(Floor to step) 
(mm) 
ℎ1 2.5 5 7.5 10 
Step height  
(Roof to step) 
(mm) 
ℎ3 12.5 10 7.5 5 
Injection length 
(mm) 
𝐼𝑖 20 20 20 20 
 







Argon 0.1 2.5 Pre-Purge 
TMA 0.2 2.5 Precursor Pulse 
Argon 2.5 2.5 Purge 
Ozone 1 2.5 Reactant Pulse 
Argon 5 2.5 Purge 
Total cycle time 8.8   
 
Gas flow fields are allowed to evolve as it’s transferred over the substrate. The reactive 
substances (precursors or reactants) react with the substrate floor surface. The substrate is 
assumed to be initially covered fully with reactive o-atom sites. The substrate floor is heated 
to about 200°C. To allow a near isothermal reactor, the remaining non-reacting reactor walls 
are heated to 200°C as well. Inert gas is allowed to transfer by-products and unused reactive 
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substances away from the substrate and out of the reactor through the outlet. A pressure 
outlet boundary is selected for the simulation. The reactor is operated at an operating 
pressure of 1332 Pa (10 Torr). The ALD sequential injection and periodic process are 
presented in Table 5.2. 
 Simulation Setup and Numerical Inclusions 
The two-dimensional reactors are designed to mimic the transient behaviour of a typical 
cross-flow reactor. To capture the detail of the non-laminar and chaotic natural flow that 
might exist within the process, the flow is subjected to simulate using the Large Eddy 
Simulations (LES) model. Within the viscous model the dynamic stress is included within 
the LES model along with the Smagorinsky-Lilly subgrid scale model. The turbulence model 
utilizes a turbulent intensity of 5.17% and a hydraulic diameter of 0.005 m. The species and 
reaction is modelled to include the diffusion energy source, full-multicomponent diffusion 
and thermal diffusion.  
The system is numerically simulated utilizing the finite volume approach. It is discretized 
spatially and temporally using second order upwind and bounded second order implicit 
methods, respectively. The transport equations source terms are linearized and the pressure-
velocity components are solved by the robust coupled algorithm solver. Solution residuals 
are monitored and considered converged when the continuity, velocity, temperature and 
species components are less than 1x10−4, and less than  1x10−5 for the energy component. 
Transport and chemistry equations are solved by using CFD code ANSYS Fluent and linked 
with ChemkinPro chemical kinetic mechanism databases, respectively. Intrinsically, a user 




 Mesh Grid Design (Two Dimensional) 
To capture the detail of the flow evolution within a typical ALD process, the reactors are 
subjected to fine meshes throughout the reactors. Especially close to the substrate surface, 
the step, and wall boundaries. As the study is two-dimensional, near wall effects are ignored. 
Near wall effects have been discussed in the previous chapter. Cross flow reactor domains 
are meshed into 292 381, 324 361, 324 365 and 288 330 nodes for 2.5 mm, 5 mm, 7.5mm 
and 10 mm steps respectively. The meshed reactors are divided into hexahedral cells 
throughout the reactor domain. The meshed reactors are illustrated in Figure 5.2.  
5.2.2.1 Mesh Grid Independence Studies 
The mesh grid independence is tested, in a similar way to the three-dimensional reactor, 
in which a transient simulation is performed by the O3 injection sequence of the ALD 
process. As all four reactors are subjected to similar mesh cells grid size and applied physics, 
the 7.5mm design is used as a representative of the independency test. It simulates the 
operational details previously depicted for different grid structures with 81 556, 182 082, 
324 365 and 505 358 computational cells. Agreeable tolerance (below 5%) is attained at 
around 182 082 computational cells. The mesh with 324 365 computational cells, however, 
is used to obtain the in-depth flow behaviours as the y+ value is below 0.1 for the LES 
simulation.  
The time-step independency test is performed for 1 s by using the grid with 324 365 cells 
and time-step sizes of 0.01 s, 0.001 s, 0.0001 s, 0.00001 s. Non-reactive flow is simulated 
for computational efficiency, and revealed the magnitudes of time-averaged heat transfer 










Both case studies in Chapter 5 were similarly validated by prior literature sources in 
which experimental studies reported on the growth thickness attained under similar operating 
conditions. A detailed description can be referred to in Chapter 4. Moreover, when 
comparing the growth attained in Chapter 5 case study 1 and that of case study 2 (Table 5.3), 
the results show close similarity. 







Case study 1 200°C   
10 mm step  0.84-0.98  
7.5 mm step  0.65-0.93  
5 mm step  0.69-1.0  
2.5 mm step  0.84-1.4  
Case study 2 200°C   
10 mm-2.5 m/s  0.84-0.98  
10 mm-1.5 m/s  0.79-1.24  
10 mm-0.5 m/s  0.91-1.65  
Li et al. 320°C 0.96 [270] 
Sirviö et al. 220°C 0.84 [271] 






100°C-300°C 0.6-0.9 [264] 
H. Li et al. 60°C-200°C 0.7-1.1 [269] 
 
 Results and Discussion 
The sudden expansion in a backward facing step, due to geometry changes, is well known 
to cause a flow topology that is characterised by recirculation zones, stagnation regions and 
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the reattachment to form the new boundary layer [274]. This is a common subject in fluid 
dynamic literature [274, 275]. However, these phenomena remain of interest to designers, 
engineers, and scientists. These phenomena and their unique properties offer a unique 
perspective and insight that can provide the necessary information for the fabrication process 
of cutting-edge nanotechnology and nano-manufacturing techniques.  
The results of the reactor simulations are examined, and the findings are discussed in 
detail. The investigation firstly reveals the fluid vector fields to illustrate the flow motion 
and bulk flow behaviour. This depicts the BFS phenomenon zones, along with the flow field 
magnitude. Next, an evolutionary study of the mass transport is conducted along with the 
vector flow fields. This investigation features the unique behaviours caused by the gaseous 
interactions between the pulse-purge sequences. The mass fraction as observed at strategic 
points within the BFS phenomena, including those throughout the reactor, is tracked along 
the cycle time. These points also assist in the recording of the surface coverage, which finally 
enables the examination of the growth thickness and uniformity of the thin film. Lastly, the 
deviation of growth thickness due to the BFS characteristics is investigated by detecting the 
mass transport boundary layer and enables the categorization of the reaction film growth 
type (being either diffusion limited or kinetic limited) by utilising the Damköhler number. 
5.2.4.1 The Interpretation of the Sudden Expansion Flow Field 
The flow fields that capture the intensity of the flow motion within the sudden expansion 
phenomena effect are depicted in Figure 5.3-5.10. These flow fields illustrate the eddy 
corners, recirculation zones, separation region, stagnation zone, and the formation of the new 
boundary layer. These phenomenon zones and regions intensity and size are visualized for 
the 2.5 mm, 5 mm, 7.5 mm, and 10 mm step at the end of the pulsation of the TMA precursor, 
and similarly for the O3 reactant. Additionally, the recirculate flow is accentuated, and the 
flow magnitude is normalised to capture the flow paths at the step in more detail. The flow 
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pattern and trend of the BFS can be compared to previous fluid dynamic studies, such as 
Shahi, et al. [230], SchÄFer, et al. [225], Mushyam, et al. [236] and Hall [276]. The flow 
effects between reactive substances, and that of the argon inert gas, are portrayed within and 
evolutionary representation within the subsequent section.  
Figure 5.3-5.10 reveals the typical BFS flow phenomena with an L-shape step. Here, the 
formation of a primary stagnation line (?̅? = 0) within the primary recirculation zone is seen 
throughout the step-heights. This stagnation line passes almost exactly through the primary 
vortex centre, as it must by its definition. Above the ?̅? = 0 line, the existence of the bulk 
flow, top boundary layer and new boundary layer region is clearly depicted. Below ?̅? = 0 
line a faster, thicker primary vortex reverse flow is present, and extends further towards the 
step wall. A tolerance of 0.03 m/s is implemented to represent these phenomena with a 
shadow overlay. The stagnation shadow indicates the areas of stagnation flows in which the 
reattachment points that indicate flow into (impingement), or away (reflection) from the 
walls. 
The accentuated section reveals the magnitude and flow motion of the primary vortices 
and reveals the possible existence of the eddy corner along higher step heights. These 
vortices indicate inward spiralling towards the vortex centre, indicating a net inward flow to 
the vortex. To keep continuity, the net inward flow is balanced by a span wise flow 
originating from the vortex centre. These spiralling vectors reveal that the primary and 
secondary vortices tend to draw flows into their cores that result in a flow that is channelled 
away from the reactive surface and pushed towards the BFS sidewalls. These are seen in the 
previous chapter. However, this study focuses on the two-dimensional assumption, it cannot 
be verified here. 
In comparison, the TMA injection reveals the strongest BFS effects among all step 
heights. This is an indication of larger recirculation zones, stagnation regions, and prolonged 
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new boundary layer formation. The stagnation line is present in all step heights and ALD 
sequences, but the magnitude of the vortex flow is reduced as the step height is reduced. In 
a greater spiral flow magnitude below the stagnation line, the higher is the possibility that 
the mass species can be transported into the vortex and away from the surface. Additionally, 
as the flow reconnects with the main flow, and passes over the hemispherical line created by 
the stagnation line, the possible reactive mass can be impinged toward the step wall 
boundary. This results in flow, allowing the reactive mass to enter into the eddy corner. 
These effects are further investigated in the following sections.  
The step height causes different flow motions as the flow is subjected to hemispherical 
(below or above midway of the reactor) position changes away from the reactive substrate 
surface. This is naturally expected, however, the interest is the magnitude of the bulk flow 
and that of the recirculate flow specifically, the flow path created due to the step height 
position. When observing the 10 mm step, the flow is subjected to a large recirculation zone 
forming at the step to the substrate floor. Large eddy corners exist, and the flow within the 
recirculation vortex is much faster in comparison to the other steps. However, the bulk flow 
carrying the largest mass amount is subjected to “necking” forces towards the roof of the 
reactor. This occurs between the large primary recirculation zone and the small recirculation 
zone at the roof. This motion can cause the higher purity of flow to pass over the section of 
the reaction surface, or allow larger retention time of the mass to react as it is entrapped 
within the recirculation that results to a larger exposure area. This could be beneficial for the 




Figure 5.3: The BFS vector flow field of the TMA injection at the 10mm step 
 




Figure 5.5: The BFS vector flow field of the TMA injection at the 5mm step 
 
Figure 5.6: The BFS vector flow field of the TMA injection at the 2.5mm step 
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It is observed that the 10 mm step allows the flow to impinge into the roof of the reactor 
and is reflected towards the floor. However, due to the distance of travel the flow is slowed 
and the impingement when it reaches the surface is well diminished. This is in contrast to 
the 2.5 mm and 5 mm step, where the bulk flow is subject to separate in smaller primary 
recirculate zones at the step from the reactor floor. Here the bulk flow is subjected to necking 
towards the reactive floor, due to the larger primary recirculate zone at the step to the roof 
of the reactor. Thus, impingement is directly into the substrate surface, and reflected away 
to the roof, causing valuable precursor and reactant to pass over some areas causing possible 
growth thickness deviations. The impingement magnitude could also cause a forced reaction 
(double nucleation) that is unfavourable within the ALD process. 
The 7.5 mm step (or the symmetrical reactor design), allows no such dominance of 
impingement or reflection. Similar amounts of precursor and reactant are subjected to 
equivalent recirculate zones. This allows the impingement/reflection of the gas with a similar 
magnitude unto or away from the surface. This is a much less chaotic phenomenon than its 
competitor steps. But, this may not be as beneficial as believed, as the reactive substances 
are now limited to be exchanged across the hemispherical line of the reactor. Therefore, 
expensive reactants never reach the site of interest. The flow is perceived to be “mirror-like” 
within the 7.5 mm step. However, small deviations do exist, as the mass is subjected to 
emission species on the substrate surface. Although in practice the ALD process tends to 
deposit on the reactor walls as well, these small deviations can be neglected.  
It is evident that these magnitude differences in the flow speed and direction might lead 
to growth defects or even enhancements, as the mass is transported in relation to the flow 






Figure 5.7: The BFS vector flow field of O3 injection at the 10mm step 
 




Figure 5.9: The BFS vector flow field of O3 injection at the 5mm step 
 
Figure 5.10: The BFS vector flow field of O3 injection at the 2.5mm step  
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5.2.4.2 The Evolutionary Stages of the Sudden Expansion of Flow within an ALD 
Process 
To visualise the unique chemical reacting and hydrodynamic flow, the two-dimensional 
reactor is analysed using an illustration of areas of low velocity to illustrate saddle points 
(points or areas indicating localised vorticity maxima or minima), vortex shedding, 
reattachment and separation regions, as well as eddy corners. Figure 5.11 illustrates specific 
BFS characteristics of the flow topology that are observed due to the BFS phenomena 
interacting with another gaseous species within an ALD reactor.  
 
Figure 5.11: The exemplification of the BFS phenomena with the interaction of gaseous 
species within an ALD reactor 
Within the analysis of the ALD process, the BFS phenomena are illustrated in 
evolutionary figures for a continuous cross-flow reactor with numerous variation steps as 
indicated priory. The evolution of the flow patterns, along with the injection interaction of 
the mass fraction of TMA or O3 into Argon and that of Argon to TMA or O3 are observed. 
The flow time is selected to illustrate the unique interaction behaviours of the pulsation 
sequence. This places emphasis on the effect of the pulse and inert gas interactions. These 
comparisons are shown for 2.5 mm, 5 mm, 7.5 mm and 10 mm for TMA Pulse-Purge 
sequence in Figure 5.12-5.15 and Figure 5.16-5.19 for the O3 pulse-purge, respectively. 
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Firstly, the pulse of TMA is injected into the Argon-filled reactor, and the purging by 
Argon is observed with a 2.5 mm step reactor (Figure 5.12). As previously reported, the flow 
momentum causes large recirculation zones to form within the TMA pulse at the roof of the 
reactor. In contrast to the other step heights, no eddy corner exists throughout the 
evolutionary time steps. This geometrical step is characterized by the formation of a small 
primary recirculation zone at the step as TMA pulse flow evolves and becomes steady. The 
injection of Argon dilutes the recirculation zone. The Argon purge allows the bulk flow to 
formulate a secondary recirculation zone within the pulsation substance of the TMA.  
Close to the reactive surface, a slow and near stagnant flow (less than 0.03m/s) is 
formulated with an extensive boundary thickness layer. This is purely due to the momentum 
of the flow pushing and reflecting away from the floor surface with higher forces than that 
of its counterparts. These reflections allow the expansion of high purity precursors and 
reactants to travel away from the surface, causing non-uniform growth or delayed growth. 
Slower flows near the surface with wider boundaries can be beneficial, as a reaction is 
controlled by diffusion with less impact on the mass convection of the bulk flow. It can be 
clearly seen that the reflection off the roof and floor causes non-laminar and non-uniform 
flow throughout the majority of the reactor. This is extensively noticeable at the 2.5mm step, 
as this non-laminar wave type flow may negatively affected the growth within the  
nano-scale, especially at the substrate. This will be confirmed within the growth analysis, as 
the wave-type growth is attained due to the flow phenomena close to the substrate.  
The closer the step to the substrate, the faster the substrate can attain the reactive 
substance, and also purge away the excess faster without retention of the gas within eddy 
corners close to the reactive surface. In contrast, the substances are then typically retained 
with the roof eddy and accompanied by large recirculation as seen in both the pulse and 
purging sequences at 0.2 seconds and 0.36 seconds. Yet the retention time within the 
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recirculation topologies is small in this case, and shows the fastest injection velocity. This 
might not be the case with slower injection speeds. The result could be reactive substances 
reacting with one another if not optimally purged. Alternatively, an undesired reaction could 
be generated on the substrate away from the leading edge when the eddy is allowed to be 
purged. Last of all, double nucleation sites could be allowed to occur. The reactive retention 
time near the 2.5mm step is seen to be the same as the pulsation time. This does not allow it 
much time to further expose the reactive surface for full coverage (if needed).  
Secondary recirculation zones are seen to formulate with each step height within the 
purge of the precursor. At higher step sizes, they are typically seen to form on the roof of the 
reactor. However, in the case of lower step sizes such as the 5 mm step (Figure 5.13) the 
unfavourable natural phenomena are seen to formulate on the reactive substrate surface. 
Although this is not seen to be the case of the 2.5 mm step, it still experiences an enlarged 
slow flow boundary, indicating the near separation of flow at that boundary. As such, it could 
be speculated that secondary recirculation phenomena produced by the sequential injection 
of the ALD procedure could be avoided with larger step heights, rather than smaller steps 
closer to the reactive surface. 
As the step height increases, TMA’s succeeding Argon purge sequence (on the right) 
results in a growth of the primary recirculation zones with more distinct saddle points. 
Subsequently, forming a secondary recirculation zone that is clearly defined by a large 
dynamic contact line that forms at the interface between the secondary recirculation zone 
and the primary flow. Additionally, at the purging of the TMA, a primary recirculation zone 
situated closer to the reacting wall experience a division of the recirculation zone into two 
counter-rotating swirls, resulting in the formation of two saddle points. This effect is strongly 
seen to formulate in the 10 mm steps (Figure 5.15) when the diffusion of the TMA pulse is 










Figure 5.12: The flow evolution with a 2.5 mm step of TMA into argon filled reactor  










Figure 5.13: The flow evolution with a 5 mm step of TMA into argon filled reactor  










Figure 5.14: The flow evolution with a 7.5 mm step of TMA into argon filled reactor  










Figure 5.15: The flow evolution with a 10 mm step of TMA into argon filled reactor  
(Left: Precursor pulse sequence) and argon into TMA filled reactor (Right: Purge sequence) 
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The O3 pulse and purge sequences result in a similar flow topology observed in the TMA 
sequence with only two distinct differences (see Figure 5.16-5.19). Unlike in the TMA 
precursor sequence, the O3 precursor pulse sequences result in a dynamic contact line close to 
the non-reacting wall, however, no secondary recirculation zone is seen. The other distinct 
difference is that the primary recirculation zones are far smaller than those of TMA. 
The O3 reactant illustrates a much less drastic topological effect than its prior sequential 
counterpart. This is due to the density differences between the precursors and reactants. 
Precursors are dominantly heavier and prone to flow topological effects. Similar to the 
precursor flow, the O3 injection experiences a similar retention time on the surface. At large 
recirculation zones generated from large step heights (in terms of the either from the floor or 
roof), it can also be observed that the mass tends to be delayed and retained. However, the 
quantity of reactant in the volume is much less dramatic and is purged away effectively.  
Similarly to TMA, O3 reattachment and separation zones move as the mass fraction of 
precursor/reactant increases. This movement is allowed to fully reach a quasi-steady state in 
which the movement is small, and only affected slightly by the by-product formation of the 
heterogeneous chemical reaction of the substrate. This occurs after the injection sequence has 
halted and the inert-gas is allowed to purge the reactor. These reattachment and separation 
zones are moved back to a steady state observed with the constant Argon flow. At the O3 pulse 
and purge sequences, no splitting of the primary recirculation zone is observed. The new flow 
boundary is formed and seen as relevantly laminar shortly after the primary recirculation zones. 
Separation and reattachment zones at low to stagnation flows are also seen to cover a larger 
area with the introduction of the inert-gas as compared to the introduction of the precursors 










Figure 5.16: The flow evolution with a 2.5 mm step of O3 into argon filled reactor  









Figure 5.17: The flow evolution with a 5 mm step of O3 into argon filled reactor  










Figure 5.18: The flow evolution with a 7.5 mm step of O3 into argon filled reactor  











Figure 5.19: The flow evolution with a 10 mm step of O3 into argon filled reactor  
(Left: Precursor pulse sequence) and argon into O3 filled reactor (Right: Purge sequence) 
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From the observation of the steps sequential interactions of their specific pulse and purge 
sequences, it can be concluded that the larger a step size, the more dramatic the recirculation. 
At higher step heights, larger recirculation and eddy corners exist, allowing flow momentum 
to be reduced near the reactive substrate. Further investigation will demonstrate if this could 
be beneficial for the ALD process or not. Secondary recirculation zones do occur at both the 
floor and roof of the reactor, but could be avoided by implementing higher step heights. 
However, one step size, that being of the 7.5 mm step (Figure 5.14 and 18), is seen as 
symmetrical. In contrast, the other sizes distribute the mass fraction according to the flow 
momentum and step size towards or away from the hemispheric centre line of the reactor. In 
both pulsations and purges the 7.5 mm step reveals symmetrical distribution, flow, and 
topology. Therefore, it is distributed equally. However, in forthcoming analysis of the ALD 
process, the implications of equal and unequal distribution of mass and momentum will be 
revealed. 
When observing the in-depth occurrences it is revealed that the recirculation zones cause 
small amounts of the reactive precursor to remain within the zone, as seen in the corner near 
the step in Figure 5.20. This phenomenon may explain non-uniformity of experimental 
growth at and near the leading edge of the injection/substrate edge. Likewise, this 
phenomenon may allow for the understanding of double nucleation at these sites. However, 
an in-depth atomic simulation is needed to fully understand these film defect singularities. 
Due to the weight of the TMA precursor, the flow tends to formulate a transitional flow field 
as observed in Figure 5.21. These transitional fields are stronger and more distinguishable 
near the inlet and recirculation zones where the velocity is high. As velocity and diffusion 
slow down, these fields tend to calm, and are therefore less impactful. These flow fields 
evolve further as a result of the recirculation flow zones at the leading edge, roof and floor 
as time evolution continues. 
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It can be noted that in the case of small step heights, the momentum and therefore the 
force of the moving fluid is directed away from the surface faster than that of higher step 
heights. The flow can cause another reflection away from the roof, in such a way that if 
enough force and momentum remain in the bulk flow, this transitional flow will continue 
until the flow normalises. However, this is a well-known fact, yet the interest lies within the 
ALD process as injection times can be short and cause the flow to never reach a 
normalisation point, thereby causing film defects. Moreover, it demonstrates the impact of 
this behaviour might be according to the pulse substances. The effects thereof can cause 
addition and recession of reactive precursor to and from the surface. This is studied in more 
detail in a later section. 
 












Figure 5.22: Secondary recirculation flow at TMA transitional flow from  
the 10mm BFS step 
 
Figure 5.23: Secondary recirculation flow at TMA transitional flow from  




Figure 5.24: Secondary recirculation flow at TMA transitional flow from  
the 5mm BFS step 
Upon examination of the secondary recirculation zones within the reactors, a dynamic 
contact line is observed between the purge sequences of the TMA pulse. The dynamic 
contact line, as observed and discussed previously, acts as a form of diffuse fluid interface 
[277]. Jacqmin [277] states that such an interface forms through convection or diffusion. He 
argues that the diffusion is driven by the chemical potential gradient [4]. This formation of 
the recirculation region and dynamic contact line was observed after the introduction of the 
Argon in the purge phase. It is therefore a consequence of chemical diffusion between the 
TMA and Argon. Within these sections, a recirculation flow is observed as seen in Figure 
5.22-5.24. The secondary recirculation zones between TMA sequential purges illustrated a 
more distinct recirculation zone and dynamic contact line with a step height of 7.5 mm (see 
Figure 5.23) as opposed to the boundary layer of the secondary recirculation zone in the  




5.2.4.3 Mass Fraction Distribution Analysis 
The preceding analyses utilises strategic coordinates to examine the properties (such as 
mass fraction, coverage, growth and uniformity) within the eddy corners, recirculation 
zones, reattachment and separation regions, and the formation of the new boundary layer. 
These points are allocated at the reactive substrate surface to emphasise the effect it has on 
the growth dynamic throughout the ALD process. In addition the middle coordinates of the 
reactor are obtained as the average between three near nodes being 90, 100, and 110mm 
from the step. These points are seen in Figure 5.25. The coordinates of the points are listed 
in Table 5.4. 
 
Figure 5.25: Diagram of the selected points along the fluid flow topology 
The trends of mass fraction of TMA and O3 over the time of the pulsation and purging 
is illustrated in Figure 5.26 and Figure 5.29. Here a keen observation is made of the 
availability of the reactive substance within the pulse and purge sequences. To analyse the 
mass fraction, the coordinate system of Figure 5.25 is used to capture the trends at the eddy 
corners, recirculation zones, stagnation regions, the new boundary layer, as well as the mass 
fraction in the middle of the reactor. These regions are analysed for the different geometrical 
step heights of 2.5 mm, 5 mm 7.5 mm, and 10 mm. Firstly, the mass fraction of TMA pulse 
in the ALD sequence is observed in Figure 5.26. 
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It is observed that the TMA mass fraction gradient decreases in relation to the step height. 
This means that a 2.5 mm step height reveals a very steep climb in the mass percentage in 
the regions of interest. In contrast, a 10 mm step reveals a less steep gradient, as well as a 
time delay to attain unity of the reactive substance. The middle coordinate (or mid-reactor) 
shows a constant trend over all step heights. Indicating that the chaotic region development 
seen within the recirculation zones, stagnation zones and leading edge of the new boundary 
has stalled and allowed the mass flow to become fully developed once more after the sudden 
expansion phenomena. The mass fraction trend can as such be seen as a constant that is 
independent to the geometrical height of the step.  
But how is the sudden expansion zones impacted in terms of the Mass fraction? In Figure 
5.27 (below) the 10 mm step indicates that recirculation regions tend to attain a lower 
fraction closer to the leading edge of the reactor. However, it is believed that this is due to 
the fluid motion that is reversed in comparison to the mean bulk flow. As such, the higher 
fraction is seen closer to the stagnation and separation regions of the recirculation zone from 
the bulk flow. Eddy corners are in this regard also seen to retain a small fraction of the 












Figure 5.27: Transient mass fraction of within the recirculation region for the 10 mm step 
 
Figure 5.28: The mass fraction along the substrate at 0.36 (purge sequence) and 0.18 
seconds (within pulse) for a 10 mm step 
In Figure 5.28, this is shown at 0.36 (purge sequence) and 0.18 seconds (within pulse) when 





It is a common observation that the mass fraction is delayed depending on the length it 
is away from the leading edge, as time is required for the substance to reach that said 
coordinate. However, the recirculation zones (as previously seen) tend to retain the mass in 
regards to its reverse flow motion. However, the 10mm step reveals that as the flow moves 
the mass along the reactor, the mass dependency to the flow is in regards to the flow 
topology. Close to the start of the recirculation, the stagnation zone and the formation of the 
new boundary layer, the mass fraction increases much more dramatically than the 
coordinates before it. This indicates that with large recirculation zones, the recirculation zone 
itself, although laminar, can delay the growth as access to reactant is delayed to reach the 
substrate surface.  
The mass fraction time availability of the reactant O3 at the substrate is seen in  
Figure 5.29 (below). Similar traits are seen in comparison to the TMA mass fraction. This is 
in terms of the trend availability within the pulse and purge time. Additionally, it is also seen 
that the mid reactor coordinate has no change, indicating that the mass flow has become 
steady and similar, independent of the step height. Gradients of mass fraction is much steeper 
and smoother than that found within the TMA pulse/purge sequence. This is due to the fluid 
density of O3 being lighter than that of the much heavier TMA gas. Although a common 
view, this do have implications on the development of the recirculation zones, stagnation 
regions, and the formation of the new boundary layer. As previously seen with the evolution 
of the O3 pulse into the reactor, and the purging of the reactant O3, these zones developed by 
the sudden expansion phenomena is less dramatic than that of TMA. As such, the mass 








Figure 5.29: Mass fraction of O3 comparison at various regions of the various step heights 
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In contrast to its precursor pulse sequence the reactant pulse illustrate a reverse effect of 
the gradient spike compared to the TMA. This can be observed in Figure 5.30. It is believed 
that the density can play a role in terms of the substance mass. Thus, the heavier the 
substances, the most likely that the substances will be diverted away from the reactive 
surface within recirculation zones and follow the flow path of the vortex. A lighter substance, 
such as the reactant still reaches the surface independent of the size of the recirculation due 
to the step height of the reactor. This is also experienced at the eddy corners as it reveals 
little to no effect, in contrast to the TMA pulse, as the recirculation is much smaller than that 
of TMA sequence. Thus, it does not significantly retain the reactant and allow a fast purge. 
This is observed in Figure 5.31. 
 






Figure 5.31: The mass fraction along the substrate at 0.36 (purge sequence) and 0.18 
seconds (within pulse) for a 10 mm step 
In conclusion, it can be said heavier substances pulsed into the ALD reactor will cause 
more dramatic recirculation zones that reach deep into the reactor. These recirculation zones 
delay the availability of high purity reactant or precursor. This is more noticeable with higher 
step heights. However, as the flow becomes steady within the reactor after the effects of the 
sudden expansion phenomena, a similar trend of available reactant or precursor can be 
speculated, regardless of the step height. 
5.2.4.4 Surface Coverage Evaluation of the Half Cycle Reactions 
The surface coverage is analysed within reliance of the available mass fraction of 
reactant substances and energy required to allow the cyclic deposition reactions to occur. 
Lack of either will lead to the required coverage not being attained, which might lead to 
defective atomic structures, random/island growth, and non-uniform films. Previously, the 
mass fraction between the reactant or precursor pulses and purges is observed at strategic 
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coordinate points. Here, Figure 5.32 and Figure 5.33 show the coverage of AlMe2 and O-
atom that was deposited due to the cyclic reaction found within the ALD half reaction 
process (AlMe2 formed from the TMA exposure and o-atom from the O3 exposure), 
respectively. 
Observing the AlMe2 coverage (Figure 5.32) typically attained from the TMA pulse, it 
is clearly observed that the coordinates within the sudden expansion phenomena all reach 
unity, irrespective of the step height. Conversely, AlMe2 formation is a sudden and fast 
reaction, if the mass fraction is available. Within the study, 200°C is sufficient to allow the 
reaction to occur. A similar coverage trend is seen throughout the step heights in mid 
coordinate of the reactor, as previously seen, this is due to the mass flow becoming steady 
within the reactors. Thus allowing properties affecting the growth (such as temperature), 
being the dominant value that might alter the growth dynamic. 
The step height delays the reactant substance from reaching the surface due to the sudden 
expansion phenomena. However, the reaction of the precursor is so instantaneous that the 
smallest leading edge coordinates (being eddy corners, and recirculation zones prior to the 
saddle points) start immediately depositing without the delay as seen in the 10 mm step. This 
could be beneficial, as film growth will be faster at these locations and may remove the 
substances more efficiently. However, the impingement of the reactant becomes a greater 
concern with lower step heights. It might lead to double nucleation of the TMA substances, 
revealing non-conformal structural layering of the atoms. However, this can only be revealed 
with the growth analysis of the film and molecular investigation of the film (beyond the 



















Figure 5.34: The surface coverage affected by the leading edge of the saddle points within 
the recirculation zone of the 10mm step 
 
Figure 5.35: Surface concentration of O-atom comparison at the leading edge of the saddle 
point of the 10mm step height 
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Due to the sudden expansion phenomena it was revealed (as seen in Figure 5.34) that the 
leading saddle point delays the reaction, and as such, the coverage. This unique occurrence 
is seen as the location normal to the saddle points of the 10 mm step (within the recirculation 
vortex) found within the O3 pulse is seen to lessen the gradient of o-atom coverage in respect 
to the coverage before as well as after the saddle points. The reason for this is that the flow 
phenomena redirect the reactive mass concentration of the O-atoms that react with the site 
away as seen in Figure 5.35. Some of the concentration is separated into the eddy corner into 
which it is allowed to circulate. The rest is reflected away after the peak impingement into 
the surface. 
5.2.4.5 Growth Thickness and Uniformity Examination 
How does this correlates with the ALD growth process? To investigate these effects, a 
relationship between the transient properties are obtained with the flow evolution of the step 
heights. The predicted film growth is compared at selected points (Figure 5.25) to examine 
the growth within the recirculation zone, reattachment and separation regions, and within 
the formation of the secondary boundary layer with regards to the O3 flow time evolution. 
Additionally, the uniformity is quantitatively analysed in regards to the deviation of the 
maximum and minimum predicted growth and growth averages within the zones. The net 
growth is attained as an average function between the sudden expansion regions and that of 
the growth predicted in the middle of the reactor. This is tabulated within Table 5.5 and 
visually compared in Figure 5.27.  
The small eddy corners have two possible behaviours. The first is seen at a smaller step 
height in which the corner (A) receives less reactant to react and as a result have a smaller 
growth (5 mm step). In contrast, if the eddy corner is significantly larger, as seen at 7.5 mm 
and 10 mm, the reactant retention within these areas may lead to higher growth probability 
as seen in points A and B. Large eddy corners can retain reactive substances, that intern 
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allows for a longer reaction time, that intern exhibits larger growths at the step. Resulting 
that the eddy corner does exist with obstructing consequence to the ALD process.  
Saddle points illustrate a slight, but significant, growth increase in comparison to the 
growth before and after the saddle point. According to the flow structure, the saddle points 
indicate the location of peak impingement into the surface before the reflection away from 
the surface as well as the separation of the flow into the eddy corner. This impingement is 
believed to allow the bombardment of reactive substances, and effectively allow reactions 
to occur. This can be proven (in the preceding section) with the concentration boundary layer 
thickness being less than the others, meaning faster diffusion to reactive sites. Although it is 
speculated that the growth will increase in saddle point effects, the saddle point at 7.5mm 
reveals dissimilarity to the other step cases. It could be that the point of growth peak falls 
between point E and F and was too small to record accurately. 
 
Figure 5.36: Graphical comparison of the growth thickness after an ALD cycle within the 
sudden expansion phenomena at alternative step heights 
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Table 5.5: Growth within the sudden expansion phenomena (O3 evolution) 









(Å) (Å) (Å) (Å) 
𝐀𝐬𝐚𝐝 0.86 A 0.69 A 0.77 A 0.86 
B 0.84 B 0.74 B 0.66 B 0.86 
C 0.89 Csad 0.90 C 0.65 C 0.87 
D 0.92 D 0.74 D 0.65 D 0.88 
E 0.95 E 0.75 Esad 0.66 E 0.87 
F 1.00 F 0.76 Fsad 0.71 Fsad 0.89 
G 1.20 Greatt 0.82 G 0.70 G 0.85 
H 1.10 H 0.76 H 0.70 H 0.86 
I 0.95 I 0.80 I 0.70 I 0.85 
J 1.00 J 0.81 J 0.71 J 0.85 
K 0.98 K 0.81 K 0.71 K 0.85 
L 1.09 L 0.89 Lreatt 0.79 L 0.85 
M 1.07 M 0.83 M 0.73 M 0.85 
N 1.11 N 0.81 N 0.71 Nreatt 0.88 
O 1.05 O 0.89 O 0.81 O 0.86 
P 1.04 P 0.88 P 0.83 P 0.84 
Q 1.16 Q 1.01 Q 0.77 Q 0.89 
R 1.11 R 0.91 R 0.82 R 0.89 
S 1.43 S 0.95 S 0.79 S 0.98 
T 1.09 T 0.91 T 0.93 T 0.94 
Average 1.04 Average 0.83 Average 0.74 Average 0.87 
Maximum 1.43 Maximum 1.01 Maximum 0.93 Maximum 0.99 
Minimum 0.84 Minimum 0.69 Minimum 0.65 Minimum 0.84 
Middle 1.27 Middle 1.18 Middle 1.08 Middle 1.17 
Net 1.05 Net 0.85 Net 0.76 Net 0.87 
Note: sad indicates the saddle point location, green indicates primary recirculation zones including eddy corners, 
orange indicates stagnation zones, blue indicates the formation of the new boundary layer, grey and reatt 
indicates reattachment after flow separation, average indicates average growth within the sudden expansion 
phenomena, net indicates the average growth between the average growth of the sudden expansion phenomena 
and that predicted in the middle of the reactor. 
 
A more possible scenario is that this effect is dependent on flow momentum, thus forcing 
impingement unto the surface causes the severity of this occurrence. This can be proven as 
the flow in the 7.5 mm step case is seen as symmetric as previously discussed in the chapter. 
The momentum and mass transport can be seen to be divided similarly between the top and 
bottom half of the reactor. Due to this, the saddle points had little effect on the growth spike 
215 
 
as momentum of the flow is quite uniform. Therefore the symmetrical 7.5 mm step can be 
seen as unique. Additionally, this momentum effect can be seen in the 10 mm step as well. 
The growth deviation, before and after the saddle points, is much less dramatic than that seen 
with a lower step height. Although still present, the non-symmetrical reactor still formulates 
momentum changes with its large recirculation and large saddle point.  
 
Figure 5.37: Graphical comparison of the growth thickness after an ALD cycle within the 
recirculation phenomena at alternative step heights 
Growth within the recirculation zones is dependent on the flow profile, which can be 
both chaotic and strongly thrashing onto the surface, or being allowed to flow uniformly 
within the recirculate loop. A more uniform flow profile is seen with the higher step heights 
that allows a more uniform growth within the recirculation zone. A benefit for ALD 
operations. The smaller steps causes the recirculation to flow with a higher momentum, and 
steeper recirculate loops to and from the surface, while not allowing the flow to flow evenly 
over the surface. Thus, growth becomes non-uniform depending on the concentration of the 
precursor/reactant impinging to and from the surface through the concentration boundary 
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layer. The growth deviations among the step heights can be graphically compared in  
Figure 5.37. 
Stagnation regions (or better known as flow separation regions) allows flow to separate 
either to flow to along the bulk flow or reverse into the recirculation zone. The size of this 
stagnation zone is enlarged in terms of the step height, as further reach is needed to follow 
the mean bulk flow trend. Stagnation flow reactions can be seen to be more tending towards 
kinetically limited controlled regions. As a result, negligible deviations in growth is observed, 
consequential in a higher quality uniform film. Being beneficial for the ALD process as these 
zones allow points only to diffusive to the surface without the mass convection caused by 
the bulk flow away from the surface. The prediction of uniformity is in terms of growth 
deviation being less than 0.01Å. 
 
Figure 5.38: Graphical comparison of the growth thickness after an ALD cycle within the 
stagnation zones at alternative step heights 
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Nevertheless, after the separation the flow reattaches to the surface at a point on either 
the recirculation zone side, or at a point to start forming the new boundary layer. At this 
reattachment point, the reactive substances are impinged onto the surface. This allows the 
substances to reach the react site and allow a higher growth. This impingement, as speculated 
before within the recirculation zones, lowers the diffusion boundary layer. The reaction is 
then allowed to reach the surface with less mass transport resistance. This is seen at step 
heights of 5 mm, 7.5 mm and 10 mm. The 2.5 mm step did not record such a case, as the 
point of reattachment falls between point D and E, thus being too small to record accurately. 
The growth deviations among the step heights can be graphically compared in Figure 5.38. 
Afterword the flow is generating a new boundary layer within the channel flow that will 
continue until the outlet of the reactor. Still this can only be speculated as true if the flow is 
not again disrupted by the formation of the secondary recirculation zone. These zones can 
harvest and recirculate the reactive substance as the pulsation flows over the surface between 
the purge sequences. The growth could be effected either by increased growth rate as 
speculated in the CVD process studied by Van Santen, et al. [278] in which small and drastic 
recirculation was examined. Alternatively, it can cause a reduction as it might serve as a 
barrier for the available reactive O-atom as the substances is not allowed to effectively reach 
the diffusion layer to diffuse unto the surface. Thus, the reaction is not allowed to occur and 
the substance stays along the bulk flow path moving towards the outlet. This is in terms of 
the reactive substance being blown passed/over the point of interest with only some reactive 
particles reaching the surface effectively. Nonetheless, only the 5 mm step revealed such an 
occurrence of secondary flows at the reactive sites. As the recirculation zone travels along 
the pulsation over the surfaces, it is demanding to substantially prove that this is truly the 
case within the sequential ALD pulsation process. However, the growth of points R, S, and 
T does resemble such a possible occurrence. 
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Growth thickness of the thin film is seen to grow as the new boundary layer develops. 
However, it can still be impacted by the state of the flow. If transitional or wave-like flow is 
present in either the TMA pulse or the O3 pulse within the ALD process, the growth will 
tend to put the growth uniformity at risk. This effect is clearly observable in Figure 5.39. 
The 2.5mm step allowed an early new boundary layer to be generated, as its primary 
recirculation zones are small. However, the momentum flow is still much higher closer to 
the substrate surface. This illustrates the transitional and wavelike flow near the surface. This 
caused the growth to deviate aggressively along the substrate. However, due to this effect, 
the diffusion boundary layer can be regarded as small and greatly affected by the mass 
convection of the bulk flow. 
 
Figure 5.39: Graphical comparison of the growth thickness after an ALD cycle within the 
formation of the new boundary layer at alternative step heights 
As the momentum of the flow normalised at higher step heights, the growth flow 
becomes more uniform and less impacted by the sudden direction change of the flow. As a 
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result, the flow allowed even diffusion boundary layers to form, and as such, a more uniform 
flow can be predicted.  
Observing the overall phenomena, it is clearly seen that the sudden expansion 
phenomena within a BFS type design illustrate unique growth behaviours that can dictate 
the outcome of the ALD process. By analysing the average growth, it can be said that the 
closer the step to the reactive surface (2.5mm step) a thicker film can be expected. However, 
the film uniformity will be at risk, as large deviations are expected due to fluidic effects that 
contribute to the mass convection. This deviation within the BFS phenomena can differ 
around 0.6 Å. 
In comparing the step height between the 5 mm and the 10 mm that is evenly distributed 
away from the centre of the reactor, a very similar average growth is seen. More so, growth 
figures attained at the middle reactor are the same. The difference lies with the deviation of 
the growth at the sudden expansion in which the 5mm step can cause a deviation of growth 
around 0.3Å and 10 mm revealing to be the optimal selection between the step sizes with a 
deviation as low as 0.13Å. The 10 mm step illustrated optimal growth in each location caused 
by the sudden expansion phenomena. This indicates that a cross flow type reactor with the 
injection further away from the substrate might not grow the film as thick as possible. But it 
supports the growth uniformity by supplying even growth throughout the flow topology. 
Symmetrical reactors, such as the 7.5 mm step indicated the lowest growth thickness, the 
lowest average growth from the sudden expansion, and lowest expected growth at the centre 
of the reactor. This is understood to be the case as the mass transport is evenly divided (in 
contrast to the other step cases), in which the transport of the mass could be reflected away 
from the roof and floor to distribute the reactive substances to and away from the horizons 
of the reactor (top part or bottom part). It is observed that the growth compared from the 
BFS phenomena to that throughout the reactor is lower. This is a fact that is purely dependent 
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on the flow speed and position of the BFS. Consequently, the residence time is very similar 
to the allowed pulsation time. Thus, the gas substances are removed faster at higher flow 
momentum than that of the flow found at the centre of the reactor. Here, the residence time 
is extended due to diffusion of the gaseous substance and the restrictive nature of the 
substance to avoid being purged out of the reactor. This allows more residence time of the 
substances on the reactive surface. However, all growth is well within the expected regions 
typically expected from such an ALD process. 
5.2.4.6 Mass Diffusion Analysis 
The growth analysis at various locations is a useful process to indicate the expected thin 
film thickness after a complete ALD cycle. Additionally, a comparative illustration can be 
made between the expected growth and that of the unique BFS zones and saddle points. 
However, the reason and proof for the growth deviation within the BFS phenomenon 
characteristics (such as saddle points, reattachment points, separation points, eddy corner, 
among others) is still not offered. Most analyses rely on global behaviours to identify film 
defects and uniformity alterations, and from a global observation of the process, these 
analyses are still beneficial. But in-depth reasoning of location-specific deviations are still 
needed. Thus, to address this problem, the mass diffusion thickness and reaction kinetics are 
investigated within the mass diffusion analysis. 
This analysis process compares the deposition rate within a filled O3 gas reactor with the 
corresponding Damköhler number (non-dimensional value) and the concentration thickness 
of the substance near the substrate. The Damköhler number indicates the transition of the 
transport limited to the kinetically limited controlled reaction within the ALD process. 
Indicating regions/locations depended purely on the temperature or depended on the mass 
transfer dynamics of the diffusion and mass convection. This analysis also enables specific 
growth rate increases/reductions in terms of the BFS characteristics that are challenging to 
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depict in prior analysis due to the evolutionary stages of the ALD process. Reason being that 
these BFS characteristic locations tend to move along the substrate (as previously observed). 
For this analysis to be performed, certain conditions need to be met. The first is that mass 
flux must be present at the surface of the substrate. The second is that a reaction must occur 
that provide impactful growth. The third indicates that the kinetic reaction is reported and 
included for all surface mechanisms, as well as their corresponding molar concentration of 
the reactive species and molar weight of the product film. The last being that a mean 
diffusion coefficient is used representing the most likely species resistances that impact the 
diffusion. Within this study a value of 4.29X10−3 m2/s is used to indicate the diffusion of 
O-atom through the O3 filled reactor. Here the diffusion resistance of the by-products is 
neglected. 
Within Figure 5.40-5.43, the comparative trend of the deposition rate, the Damköhler 
number and the concentration thickness are studied at a geometrical step variations of 10 
mm, 7.5 mm, 5 mm, and 2.5 mm. The trends depict the alterations of these properties within 
the sudden expansion influenced regions within the reactors at 3.8 seconds (end of Pulsation 
of O3) of the ALD process.  
The first observation indicates that the deposition rates will drastically peak (either 
minimum or maximum) when any form of alteration of the film thickness occurs. The 
Damköhler number can be said to diverge typically about 2-3.5 within the BFS phenomenon, 
and tend to normalisation of around 3 as the flow continues through the reactor. Only at 
location characterised as stagnant will Damköhler number tend to near 1 to allow a dominant 
thermally controlled region. The ALD process is typically controlled by the alteration of 
flow to be within a laminar region (minor turbulence intervention) and/or controlled by 
thermal alterations. Thus, a low Damköhler number makes logical sense to be present within 
the ALD process of uniform thin film fabrication. Although this has scarcely been studied 
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in thin film reactor systems, prior literature on the Damköhler number [279, 280] and 
concentration boundary thickness [281-283] has allowed for a confident confirmation.  
 
Figure 5.40: The comparative trend of the deposition rate, Damköhler number and the 
concentration thickness within the O3 exposure at 3.8 seconds with a 10mm step  
 
Figure 5.41: The comparative trend of the deposition rate, Damköhler number and the 




Figure 5.42: The comparative trend of the deposition rate, Damköhler number and the 
concentration thickness within the O3 exposure at 3.8 seconds with a 5mm step 
 
Figure 5.43: The comparative trend of the deposition rate, Damköhler number and the 
concentration thickness within the O3 exposure at 3.8 seconds with a 2.5mm step 
Three zones are identified, these being the location of the eddy corner, the stagnation and 
impingement zone at the reactive surface. The eddy corner zone indicates the location in 
which the fluid separates at the corner of the reactor (at the inlet). The eddy corner typically 
reduces in size as the step height is reduced. The zone is not visible at the 2.5 mm step. 
However the eddy corner separation point (ESP) can be seen close to where the zone should 
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typically be. These zones, although small, are affected greatly by the mass convection 
resulting in a high Damköhler number. The concentration thickness differs as the eddy 
corner can either allow the creation of its own reattachment point that allows the deposition 
rate to increase as the concentration thickness decreases (higher step heights). Or, increase 
the concentration thickness as the mass is transported away from the surface (upwards to 
reunite with the main flow). The latter being the norm at low step heights.  
Stagnation zones typically illustrate a constant value trend with minor variations. This is 
fittingly perceived at the higher step heights as the zone is less subjected to high 
impingement flow. As the step height is reduced, these stagnation zones also decrease in size 
and allow a smaller area to be subjected to a constant concentration thickness. This constant 
thickness trend results ultimately in a constant deposition rate that reveal more uniform film 
growth. Although, within this zone some specific BFS characteristic points can protrude into 
this zone causing deviations, such as the reattachment point (RP), recirculation reattachment 
point (RRP) and the stagnation line point (?̅? = 0). This is due to the fact that the stagnation 
zone does include low velocity flow (in this study flow that is less than 0.03m/s, being 
virtually stagnant). 
The impingement zone is formed by the impingement flow after the injection that is 
passed over the recirculate vortex. The zone represents the flow that allows the reattachment 
to the substrate surface. Within the zone the reattachment point (RP) and new boundary layer 
point (NBLP) are developed. Additionally, due to the impingement reflection nature, a 
transitional flow flux (TFF) can occur. This transitional flux causes sudden deviations as the 
concentration thickness is increased/decreased due to the mass transport reflecting and re-
impinging unto the surface. This can occur until such time the flow is allowed to flow 
steadily towards its fully developed state after the BFS phenomenon. Thus this transitional 
flow flux is more relevant with higher flow momentum unto the substrate. It can be observed 
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that as the flow momentum impinging unto the substrate is increased in relation to a lower 
step height, these TFF effects within the impingement zone can drastically affect the 
deposition rate and Damköhler number. However, as the flow is allowed to recover to a fully 
developed state, the journey towards such state is still plagued by TFF effects shortly after 
the new boundary layer is developed. It is observed that the TFF effects that hinders the new 
boundary layer is much less impactful in comparison to the TFF within the impingement 
zone due to the great reduction in vertical velocity momentum. The impingement zone is 
controlled either naturally by the reattachment of flow after the BFS phenomena separation. 
Or, forced as the flow impinges unto the surface due to the high momentum impacting 
directly unto the surface (as seen within the 2.5mm step). A forced impingement zone is 
typically subjected to necking between the recirculate vortex from the floor and that of the 
roof. Thus causing higher impacts from the TFF areas to occur unto the substrate surface.  
Furthermore, the deviation of growth of the specific characteristic points of the BFS 
phenomenon is illustrated and depicted as: 
1. The eddy corner separation point (ESP) refers to a point observing the location of the 
separation of the flow from the recirculate vortex towards the step boundary. The 
concentration thickness tends to be high as the impinging flux of mass is typically 
diverted away from this point, and only allow some entrapment of reactant to enter 
the eddy corner. Thus, this point is more likely to be controlled thermally (kinetically 
controlled) as the Damköhler number is suddenly reduced towards  Da ≅ 1 , 
especially at a higher step.  
2. The surface saddle point (sad) is named for the perpendicular surface point in line 
with the trailing saddle point that is formed from the recirculate vortex. It is observed 
that the impingement of recirculate flow is at its uttermost point. Thus the 
impingement decreases the concentration boundary thickness, allowing reactive 
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particles to be transported by diffusion much faster and resulting in a high deposition 
rate. The increased Damköhler number confirms that this point is highly subjected to 
mass diffusion and convection typically attained from the flow impingement 
(transport limited reaction). 
3. The points of reattachment, from the main flow (RP) or from the recirculation (RRP), 
both indicate similar behaviours. As reattachment is also a form of impingement, the 
major contributor is the transport momentum to the reaction process (Damköhler 
number increases Da > 1  and results in a transport limited reaction). Thus, the 
concentration boundary thickness decreases allowing higher reaction deposition 
rates. 
4. The stagnation line point (?̅? = 0) indicates the intercepting point of mean velocity 
equal to zero lines unto the substrate. These points reveal the ultimate stagnation 
point from the BFS phenomenon, and confirms that these locations tend to Da ≅ 1. 
Therefore it can be better subjected to temperature alterations rather than the flow 
disturbances. The concentration thickness increases as the mass flux (and its 
accompanied momentum) is typically separated either into the recirculate vortex of 
the BFS or towards the impingement zone from the main bulk flow. These effects, 
however, are more aggressive at higher step heights than lower steps as a result of 
flow momentum reduction within the recirculate vortex. 
5. The new boundary layer point (NBLP) indicates the last point after the BFS 
phenomenon that allows the continual flow to recover into a fully developed state. 
However, this point also indicates the location in which the mass boundary layer can 
be formed similarly to that of a typical flat plate. These points’ peaks are typically 
lower than the RP and TFF (within the recirculate zones) as the momentum has 
greatly reduced. This point allows for growth to occur more rapidly as the 
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accompanied flow impingement is still present, due to the sudden expansion of the 
flow thus, lowering the concentration thickness. This point is typically controlled by 
the flow and tends to Da > 1.  
5.3 Case study 2: The Ramifications of Flowrate in Temporal Cross 
Flow Thermal Reactors 
 Introduction: 
Another option typically available to optimise the ALD process is the adjustment of 
injection speed. In a typical industrial process, it is found that the ALD process injection 
pulsing and purging sequences is changed to reduce/increase the quantity of reactive mass 
or reduce mechanistic phenomena (as seen in previous sections and chapters) to obtain more 
uniform film growth. However, caution is required as the speed can alter the flow path that 
may lead to defect creation. This is owing to the gas momentum being reduced, leading to 
reactive substances not efficiently reaching the sites. At an optimal step height (previously 
identified as the 10 mm steps) the effects of the BFS phenomena is further investigated by 
the alterations to the flow rate into the reactor. The speeds are altered between 0.5 m/s, 1.5 
m/s, and 2.5 m/s, respectively. It is of interest to investigate the flow alterations at this step 
height, and the implications it has in the final growth uniformity. This study focus on 
investigating two possible scenarios.  
 The first focus is placed on reduction of reactive precursor without the addition of 
pulsations time to allow similar reactive volume. As TMA reached a self-limiting 
state effectively within its pulsation time, reducing the flow, it is of interest to 
investigate if the process will reach a “choking” state in which the first precursor 
does not reach ALD coverage.  
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 The second uses the reactant (O3 gas), where the ALD process injection times is 
needed to be altered to allow equal reactive volumes to enter the reactor. As a 
reference point, the 2.5 m/s for 1 second (previously considered) is used. Utilising 
conservation of the flow rate 𝑄 = 𝑣 𝐴, the flow velocity and time can be evaluated.  
This leads to Table 5.6 (below) in which the ALD process recipe is portrayed. 































Purge 1.5 5 
2.5 5 
Note: Precursor pulse time is kept constant causing reduction in reactive volume. Reactant pulse 
time is altered to keep similar reactive substances.  
 
 Results and Discussion 
Within this section, the same operational setup, mesh design for the 10 mm steps, and 
simulation process as the previous section is used. The alteration of the flow rate is 
investigated to visualise the flow fields, the transient mass fraction and surface coverage 
within the BFS phenomena and along the reactor substrate, and evaluate the growth attained 
of Al2O3 thin film. The focus is divided between the two scenarios of ALD process 
optimization as discussed previously. 
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5.3.2.1 Flow Field Evaluation at Different Flow Rates 
Naturally, from the first inspection of Figure 5.44-46, the velocity (and thus momentum) 
of the flow is reduced with the flow rate reduction. Thus the area that is influenced via the 
BFS phenomenon is reduced in either ALD sequence. However, between the sequences 
some distinct and important changes are observed. The TMA pulse realises less necking 
formation of its bulk flow, allowing less divergence of flow to the roof and allowing an 
earlier reflection of the mass species bulk flow towards the reactive surface. However, the 
reduction of this reflection can lead to double nucleation as the reflection becomes less 
effective and the bulk flow expansion is directly from the injector (as seen for 0.5m/s).  
Indeed the Reynolds number is greatly reduced, allowing a flow to tend to more laminar 
type flow, which remains the favourable option. As the flow is reduced, the recirculate flow 
speed is greatly diminished that might lead to the mass species to be retained longer within 
the recirculate vortices. However, this retention is only influencing a less exposed area. One 
beneficial advantage is that the new boundary layer is formed much earlier within the reactor, 
allowing the recirculate zone to reduce and allow the reattachment point to start from around 
40 mm at 2.5m/s (Figure 5.44), 20 mm at 1.5m/s (Figure 5.45) and 10mmm at 0.5m/s (Figure 
5.46) injection speeds. 
Similarly to the TMA sequence, the BFS phenomenon is greatly reduced within the O3 
pulse as the flow rate is reduced (Figure 5:47-49). As O3 is already a light substance in the 
sequence the flow is allowed to attain a laminar flow without severe BFS interferences earlier 
within the reactor. This could be greatly beneficial, as the surface is exposed to a more 
uniform parabolic flow earlier in the reactor, with a reduced possibility of a significant 
amount of reactive substances to be withheld due to the BFS phenomenon. New boundary 
layer formation is reduced from around 15mm at 2.5m/s, 7mm at 1.5m/s, 6mm at 0.5m/s.  
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This allows earlier impingement unto the reactive substrate. This also reveals that at a certain 
point, the recirculate zone will stay nearly unchanged at low speeds. 
 
Figure 5.44: The BFS vector flow field of the TMA injection at the 10 mm step  
with 2.5 m/s injection 
 
Figure 5.45: The BFS vector flow field of the TMA injection at the 10 mm step  




Figure 5.46: The BFS vector flow field of the TMA injection at the 10 mm step  
with 0.5 m/s injection  
 
Figure 5.47: The BFS vector flow field of the O3 injection at the 10 mm step  




Figure 5.48: The BFS vector flow field of the O3 injection at the 10 mm step  
with 1.5 m/s injection  
 
Figure 5.49: The BFS vector flow field of the O3 injection at the 10 mm step  
with 0.5 m/s injection  
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5.3.2.2 Secondary Recirculation due to Evolutionary Effects 
Previously, secondary recirculation was identified to form between the inert gas purges 
and the TMA reactive volume. This occurrence was identified for all step heights, however, 
a question is raised about whether this can be controlled and/or diminished entirely from the 
fabrication process. To do so, the momentum of the reactive substances must be reduced. 
Figure 5:50 below illustrate the reduction of this secondary recirculation and its dynamic 
line formed at the roof of the 10mm step reactor with an injection velocity of 1.5 m/s. 
 
Figure 5.50: The secondary recirculation flow formation of the TMA ALD sequence from 
the 10mm BFS step at 1.5 m/s inlet velocity 
It is relevantly clear that the magnitude of this occurrence is greatly reduced in size and 
length. This confirms the tactic to lower injection speed. However, if lowered without 
volumetric substance correction a higher dilution of gases occurs. Figure 5:51 illustrates the 
dilution of gases without the volumetric substance correction of the reactor within an 
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injection velocity of 0.5 m/s. Here, different time sequences are used to depict the 
evolutionary dilution of the substance. Although no secondary recirculation is seen to form, 
the gas is diluted over time, weakening the dosage and increase diffusion resistance.  
 
Figure 5.51: The dilution the TMA ALD sequence from the 10 mm BFS step  
at 0.5 m/s inlet velocity 
Ultimately, the reduction of the flow rate allows both favourable and unfavourable 
occurrences to be present. As the flow rate reduces, the momentum allows the reactive 
substances to flow even more slowly past the substrate, allowing timely reaction processes 
to attain enough residence time for the reaction. But, if secondary recirculation impinges its 
effects to cause growth deviations, these deviations (and eventually defects) will be formed, 
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and for a longer residence time than with a faster injection speed. Such a situation can result 
in a non-favourable ALD process. 
5.3.2.3 Transient Mass Fraction Analysis  
The purity of the time dependency of the reactive substance (either the precursor or 
reactant, respectively) is recorded in Figure 5.52 and Figure 5.53. Similarly to the previous 
section, the strategic cardinal points (Figure 5.25) are plotted to identify the changes in 
different regions created by the BFS phenomena. 
To begin with, the TMA injection is examined (Figure 5.52), whereas the velocity was 
reduced without reactive volume correction. From observation, as the flow rate is reduced 
to the high purity, it is more likely to transition to a diluted state that in some locations never 
attains high purity at the sites to react. This can also lead to the reactive substance being 
entirely diluted (e.g. 0.5m/s) which leads to the entire surface not attaining a high purity 
dose. Thus, in both cases, increasing the diffusion resistance as the reactive particles need to 
diffuse through another barrier of substance, which in ALD is the inert purge gas. This can 
result in reaction exposure time requiring additional time to allow full reactions to occur. 
Increasing fabrication time and operation costs. 
Faster injection illustrates that the substance exposure will tend to remain within the 
pulsing sequence, and requires only a short purging time to evacuate the substance from the 
surface. However, volumetric analysis is also required to ensure no homogenous 
contaminants remain when the following reactant is injected. This remains favourable to 
decrease cycle time. In contrast, the slower mass transport allows larger exposure time of 
reactant (although diluted, in the TMA case without volumetric correction) on the substrate 
surface. This exposure is intensified greatly as the gaseous substances travels throughout the 
reactor (as the 0.5m/s case middle point would suggest). This leads to the deduction that if a 
substance requires long exposure times to allow reactions to occur, such as oxidant 
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exposures, it is favourable to reduce the injection speed. But, as reactive sites along the 
substrate surface may tend to react or even be exposed to the reactive substance after the 
pulsation period. It would also still be favourable to allow the following purging times to 









Figure 5.53: Mass fraction of O3 comparison with flow rate alteration 
When the O3 injection is observed (Figure 5.53) where the velocity alterations with 
reactive volume correction, the surface of the substrate is exposed to high purity of reactant. 
In contrast to the previous case, the dilution of gaseous substances is greatly reduced. 
However, as the flow rate is reduced, the high purity dose still requires more time to reach 
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unity. In addition, as the purge flow rate remains slow, it will also require additional time to 
fully evacuate the reactor of its reactive substances. This greatly extends the ALD 
operational time. As previously mentioned, a slower injection speed can be beneficial for 
reactants that require longer exposure times. 
5.3.2.4 The Examination of the Surface Coverage 
How did the reaction surface respond to the mass transport changes over the strategic 
locations? The coverage of the first half cycle of the ALD formulated from the TMA 
injection is shown in Figure 5.54 below.  
From observation it can still be seen that the TMA, even in its diluted and volumetric 
reduce state at lower flow rates, is still likely to form a complete surface coverage after its 
reaction. Most of the reaction seemed to have occurred within the pulsing period even at 
reduced flow speeds. Only positions situated far within the reactor (such as the middle point) 
have reactions taking place much later, and only when an efficient reactive substance is 
present. This might not be favourable for control of the substance growth, and place 
emphasis on the requirement of the purging phase not just to purge the excess and by 
products, but add reaction after the pulsation as occurred. The higher amount of dilution of 
the reactant causes the reaction trend to occur in a more timeous manor. More time is 
therefore required for the reaction to fully occur. Higher purity at a faster rate is favoured to 
allow a faster reaction to occur for the metallic precursor, yet the opposite is seen for the 
reactant in ALD processes. 
The second half reaction is surface coverage of the o-atom achieved from the O3 pulse. 
This is presented in Figure 5.55. Here, the hindering effects of a precursor that depends 
greatly on the pressure and momentum to assist with the homogenous decomposition of its 
elemental species are realised. As O3 needs to decompose into its O-atom (along with O2) 
species to allow reaction to occur, it is subjected to additional deterring interactions. One 
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such deterring factor is that if the momentum is reduced, the chaotic interaction of purge and 
reactant species is reduced, allowing slower breakdown of the O3. This occurs even though 
the reactor is filled with enough O3 to allow full coverage to occur. Interaction of the species 
assist in the breakdown process. As such, super cycle ALD processes [284-287] (such as the 
separation of an ALD sequence into sub-cycles in the form of AB-AB-AB cycles, where A 








Figure 5.55: Comparison of the O3 Surface coverage at different flow rates 
Slower speeds may also cause a “stepping” coverage. This denotes a period in which a 
step is formed where a sudden decrease of deposition rate exist. The reason for this is that 
O-atom formation could have been consumed faster than it is decomposed from the O3. 
Another reason could be that the lighter particles of the O-atom were simply transported 
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away from the surface due to fluid mechanical effects for a short time. However, whichever 
most likely to occur, this occurrence is random and the stepping coverage within the trend 
only symbolize the occurrence and not its definite location in time. Slowing the flow rate 
also doesn’t increase reaction time, however as the flow is slower and the homogenous 
separation takes longer, a slower speed increases operational time. Resultantly, increasing 
the O3 gas velocity delivers more O3 to the growth surface and therefore allows faster growth 
saturation. Though the film thickness and uniformity attained due to this can only be visually 
examined in the following section. 
5.3.2.5 Growth and Uniformity Assessment due to the Alteration of Injection Speeds 
To visually assess the growth and uniformity within the ALD process of Al2O3 thin film, 
a complete cycle is numerically simulated for the various injection velocities. However to 
equally assess the growth, the TMA pulse was subjected to volume correction accordingly 
to the velocity alteration. Table 5.7 and Figure 5.56 illustrate the results within the BFS 
phenomenon, and that of an average estimation of growth in the mid-point of the reactor. 
Additionally, the results illustrate the average, net, maximum and minimum growth, and 
allows the visualization of where the growth is deviated at the BFS characteristic zones. 
Generally, it can be said that increasing the gas velocity reduces the overall growth rate. 
But some advantages are available for higher velocities with high step heights. Firstly, the 
removal of the excess substances are more efficient (see Section 5.3.2.3). Higher flow Rate 
increases the BFS phenomenon resulting in a flow to slow within the recirculate vortex, 
resulting in a more uniform growth in comparison to that of reducing the flow rate. Within 
the O3 exposure, higher velocity near the surface allows for shorter O3 exposure as the 




Table 5.7: Growth thickness at alternating flow rates within the sudden expansion 
phenomena (O3 evolution) 







(Å) (Å) (Å) 
A 0.86 A 0.81 A 1.07 
B 0.86 B 0.82 Bsad 1.06 
C 0.87 Csad 0.85 C 0.91 
𝐃 0.88 D 0.79 D 0.93 
E 0.87 E 0.83 Ereatt 1.01 
𝐅𝐬𝐚𝐝 0.89 Freatt 0.88 F 0.92 
G 0.85 G 0.82 G 0.94 
H 0.86 H 0.83 H 0.93 
I 0.85 I 1.20 I 0.95 
J 0.85 J 0.84 J 0.95 
K 0.85 K 0.83 K 0.95 
L 0.85 L 1.10 L 1.00 
M 0.85 M 1.24 M 0.99 
𝐍𝐫𝐞𝐚𝐭𝐭 0.88 N 1.19 N 0.98 
O 0.86 O 1.21 O 0.98 
P 0.84 P 0.99 P 1.07 
Q 0.89 Q 0.98 Q 1.03 
R 0.89 R 0.99 R 1.56 
S 0.98 S 0.98 S 1.43 
T 0.94 T 0.95 T 1.65 
Average 0.87 Average 0.96 Average 1.06 
Maximum 0.99 Maximum 1.24 Maximum 1.65 
Minimum 0.84 Minimum 0.79 Minimum 0.91 
Middle 1.17 Middle 1.13 Middle 1.65 
Net 0.87 Net 1.04 Net 1.36 
Note: sad indicates the saddle point location, green indicates primary recirculation zones including eddy 
corners, orange indicates stagnation zones, blue indicates the formation of the new boundary layer, grey and 
reatt indicates reattachment after flow separation, average indicates average growth within the sudden 
expansion phenomena, net indicates the average growth between the average growth of the sudden 
expansion phenomena and that predicted at the middle of the reactor. 
 
Slower flow rates tend to increase retention time of the reactive substance resulting in an 
increase in thin film thickness. However, with slow velocity near the substrate surface allows 
some unique incidences. If the flow is subjective to slow the velocity, the overall growth can 
be increased quite drastically, resulting in growth being around two times larger. This is 
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believed to be due to the reduced flow allows an increased O3 dose that produces the 
additional growth during Alumina ALD. This can be confirmed in prior literature [118, 288, 
289]. Additionally, another motivation for the flow velocity playing a dominant role in 
growth thickness is its chemical species. As prior literature has expressed, associating the 
results of a TMA/O3 ALD system would suggest that the desorption rate for surface reaction 
products are more influenced by the flowing gas relative to ALD operating with TMA/H2O 
[118, 290].  
 
Figure 5.56: Graphical comparison of the growth thickness after an ALD cycle within the 
sudden expansion phenomena at alternative speeds 
The 2.5 m/s growth profile was discussed in the prior case study.  The interest lies in 
comparing the growth deviations of the 1.5 m/s and 0.5 m/s injection velocity situations. 
Firstly, when observing the 1.5 m/s injection velocity, it can be noticed that the growth within 
the recirculation zone and stagnation zone is very similar to the growth attained with the  
2.5 m/s situation. The 0.5 m/s case reveals that these zones will be subjected to large 
momentum reductions, allowing the gas to be harvested on the surface for a much longer 
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time than its counterparts. This allows the BFS zones to accommodate larger thickness film. 
The growth within the BFS zones is depicted in Figure 5.57-59. 
 
Figure 5.57: Graphical comparison of the growth thickness after an ALD cycle within 
recirculation phenomena at alternative speeds 
As the speed decreases the average growth increased as 1.5 m/s case reveal a 0.96Å, and 
the 0.5 m/s case around 1.06Å. The 1.5 m/s case is subjected to TFF areas at Point I and at 
Point L, M, N, and O. Point L to O illustrate an area of impingement before the new boundary 
point (a TFF zone) that increased the deposition rate allowing the sudden increase of growth. 
The impact to the growth dynamics due to the TFF decreased with a slower injection speed 
as the force of impingement and deflection decreases, allowing less of a wave-like formation 
as seen in the 2.5 m/s. As a result, the surface is subjected to prolonged residence time and 
longer impacted areas of closely packed TFF points as the flow reduces in speed. After point 
P (within the 1.5 m/s case), the new boundary layer is allowed to form without additional 





Figure 5.58: Graphical comparison of the growth within the stagnation zones  
at alternative speeds 
 
Figure 5.59: Graphical comparison of the growth within the formation of the new boundary 
layer at alternative speeds 
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The 0.5 m/s case illustrates a fairly uniform growth profile with improved surface growth 
thickness within the BFS zones. However,  it is only until the momentum is reduced to a 
point (point R) that the growth thickness is subjected to a longer residence time that allows 
larger dose of the O3 substance, and results in large growth defects (as reported previously 
[118, 288, 289]). This continues throughout the reactor as even the average growth attained 





CONCLUSIONS AND RECOMMENDATIONS 
6.1 Summary of the study 
These studies focus on the quantitative investigation of the nano-manufacturing process 
of thermal atomic layer deposition for the fabrication of ultra-thin film. The objective of 
these studies is to understand the underlining physics and chemistry behaviours of the nano-
manufacturing process, and to provide information relating to specific occurrences, 
optimisation, and efficiency of the entirety of the ALD process. The study developed and  
made use of a numerical model to provide information relating to unique fundamental 
occurrences within new innovative reactor designs incorporated within the ALD process and 
identify and demonstrate possible solutions for critical issues that include film defects, low-
throughput, poor growth due to flow phenomena, and gaseous interactions. Other aims 
achieved by the study were the illustration of optimisation of process parameters for optimal 
operations, and reduced environmental and economic impacts along with improved film 
quality.  
The nature of the nanotechnology field and its manufacturing techniques are reviewed. 
The necessary information from the literature and previous research studies, related to nano-
manufacturing, is compiled. Emphasis is placed on the in-depth understanding of the 
mechanistic phenomena within reactor designs, its operational recipe and techniques, and 
computational methods related to ALD. Thus, the significance of the research contribution 
is identified.  
The study investigates the behaviours found within the design topological effects, fluid 
flow phenomena, heat and mass transfer, along with the heterogeneous chemical reactions 
within the atomic layer deposition process. Computational fluid dynamics (CFD) is used to 
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simulate the numerical models in reactor scale using ANSYS Fluent. Chemistry kinetic 
mechanisms are imported by using ChemkinPro databases. Various ALD arbitrary reactors 
are designed and modelled in both two-dimensional and three-dimensional investigations. 
Within ALD, it has been identified that the favoured laminar flow may deviate to the 
transitional flow and reveal mass transfer buoyancy effects. To capture these effects, the 
LES model is incorporated into the model. With the LES models, large scale buoyant eddies 
are calculated directly from the exact transient Naiver-Stokes equations. These models are 
incorporated into the mass, momentum and energy conservation equations by using the 
Smagorinsky-Lilly model. This results in revealing the finely resolved and detailed 
information of the turbulent flow field.  This research is concentrated to the study of the thin 
film growth of aluminium oxide (Al2O3) by using trimethyl-aluminium (TMA) and ozone 
(O3) as precursors. Argon is specifically used as an inert gas. Cross flow temporal type 
reactors are used for simulation. The phenomenon of the sudden flow expansion and its 
effects within the nano- fabrication process is investigated. Particular focus is placed on the 
backward-facing step that occurs at the inlet region of the reactor. The specific objectives, 
summative discussion, and conclusive findings are discussed in the following section. 
6.2 Conclusions:  
The results observed throughout the study lead to the following conclusions. 
 The Fundamental Investigation of Cross Flow Temporal ALD Reactors 
The objective is to investigate the unique behaviours identified from the incorporation 
of different injection manifold designs into a cross flow ALD reactor domain. As such, a 
reactor fitted with a cylindrical inlet design is compared to that of a slotted type design. The 
intent is to focus on the fundamental behaviours and dependent interaction of the fluid flow, 
mass transfer, and chemical reactions. The sudden expansion of the flow phenomenon and 
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its role within the ALD process is revealed, especially within the sequential step of the ALD 
process and its effects on the chemical species property differences.  
The observation of the flow fields topology interacting within the reactor geometry (such 
as the interaction between injectors and wall boundary effects) revealed a conclusive effect 
in terms of mass transport to reactive sites is observed. It is found that metal precursor (due 
to its larger density and weight) causes larger recirculate effects in terms of the ALD 
sequence. 
Between the designs, it is evident that the slotted injection design reveals a greater wall 
recirculation effect. This recirculation is due to the wall effects that pushes the flow back to 
the centre to form a “necking” or ventury formation (reduction of flow characteristic flow 
length) for the bulk flow. This necking phenomenon hinders the flow in both precursor 
sequences within the ALD process. The cylindrical reactor does not appear to suffer from 
the necking formation. This is due to the flow being assisted by the multiple injectors that 
dedicate the middle injectors to push the flow forward.  
Two distinct growth phenomena are revealed due to the mechanistic fluid flow effects. 
The first phenomenon is the increase in growth due to entrapment of reactive substances.  
Here, the reactive substances are allowed multiple re-occurrence of the substance at the 
substrate surface so that the reaction can occur repeatedly. As such, the residence time of the 
reaction to the surface site is increased. This is believed to be the case at the recirculate eddy 
corners, the transition of substance between the injectors, and that of the substances moving 
between the recirculate zones of the injector and the near-wall.  
The second reaction phenomena are seen after the separation zone and the so-called 
stagnation flow at the reattachment zone. Here, the streamline from the bulk flow is allowed 
to impinge onto the reactive surface and reflect away to formulate the new boundary layer. 
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However, this impingement allows the recurring flow to provide a high purity dose at high 
flow momentum to the reactive sites before it is reflected away into the bulk flow. This 
allows not just a high concentration of reactive species to be available for the reaction to 
occur, but also reduces the diffusion barrier/layer thickness that resists the reaction. 
This BFS phenomenon distributional effect is highly dependent on the geometrical 
effects (for example the step height, design profile, pitch between injectors, among others), 
neighbouring restrictions (chamber walls), and mass species density.  In conlusion it can be 
said that the reaction on the substrate is not immediately obtained and other parameters such 
as the flow path, partial pressures, purity and gaseous interactions become crucial to obtain 
saturated surfaces. It is found that the BFS zones and regions (such as separation and 
reattachment regions, recirculation zones, eddy corners and bulk flow path) depict certain 
unique growth occurrences. Typically, the growth is subjected to patterning of the BFS zones 
and regions. This is especially noticeable at high impingement areas typically seen at 
reattachment zones.  
A reactant filled reactor without the dilution and intermixing effects of multiple species 
is favourable in some ALD recipes.  However, an ALD process that relies on the reactant to 
homogeneously react to form the O-atom species needed to form with the substrate can cause 
great delays. This is due to these homogeneous reaction step being greatly dependent on 
external forces and energies, such as flow disturbances, temperature and pressure 
(operational and partial pressure). But, as O3 decomposes into its O2 species and O-atom 
species, the reactive O-atoms are further required to diffuse and travel to the substrate with 
more diffusive resistance. This decomposition process can cause further reaction delays 
within the ALD process. Firstly, weak reactions can occur on the substrate as the species are 
not effectively providing O-atoms, and/or consumption of the needed species is too high. 
Another influential aspect is the bulk flow, which might transport the high volume of 
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reaction away from the needed reactive sites (as seen around midway through the cylindrical 
reactor). Thus, it is directly transported after the impingement from the BFS phenomena, 
past the substrate, directly to the outlet. This is more evident in the case of the lightest  
O-atom within these volumes.  This results in expensive ALD operations. 
In comparison between the two reactor designs it is seen that the slotted reactor illustrates 
a beneficial increase of average surface coverage after the pulsation step of reactant, attaining 
dominantly around 40-70%. The cylindrical ported reactor delivers around 20-40%. The 
slotted reactor design is reliant on its single entity of injections with no support from 
interaction between injectors (such as the cylindrical ported reactor). This is revealed to be 
a favourable design in terms of the growth perspective of ALD, as the flow path is not mixed 
with another supply, resulting in a uniform distribution of mass. However, as the gas feed is 
supplied and allowed to dilute, the gas stratifies in all directions, ultimately producing a 
weaker purity forward into the reactor in relation to the cylindrical ported inlet. This dilution 
of gas allows reaction to the surface to occur much deeper into the reactor, along with a 
longer intermixing time (thus longer retention time of reactive substance) than its opposition.  
After one complete ALD cycle, it is evident that the slotted design is the only design 
which attained a surface covered with O-atoms. It can be well established that the slotted 
reactor has around doubled the probable surface coverage in comparison to the cylindrical 
ported reactor. The cylindrical ported reactor shows that within the following ALD cycle, 
the growth might not occur, as the surface is not well covered with O-atoms to react with the 
following cycle. Without further optimisation, this can cause binding defects that could 
potentially lead to a weak film structure, a non-uniform growth of the film, and a lack of 
growth on the substrate.  
To investigate a conclusive reason for these results, the vertical velocity component of 
the flow was investigated at various levels from the substrate to examine the mass transport 
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direction to and from the surface. By comparison of the reactor designs illustrated that the 
slotted reactor allowed continues supply of reactive substances towards the diffusion layer 
near the substrate. As the BFS phenomena was subjected to necking and higher central 
impingement, the bulk gas flow adjusted, permitting the lower momentum to allow the mass 
to travel downwards. The exception is in the middle, in which it is in line with the injector 
and the maximum flow impingement that resulted in a small reflection over the central 
location. 
The cylindrical ported reactor revealed that the majority of the mass transport over the 
central part of the reactor is reflected away. This proves that the result of the momentum 
from the sudden expansion phenomena allowed the reflecting flow off the reactive surface 
to flow past the substrate, causing the majority of mass to be transported away from the 
diffusion layer. This suffocated the layer and led to poor transmittance, as the reaction 
struggled to occur as the retention time reduces, in which the lack of high purity of the O-
atom exists. In both designs, the sidewalls have mass transported to them allowing growth 
to occur. Although the flow, as expected, reduces when reaching the surface. This creates a 
favourable slow flow that allows longer reaction retention time and substance removal time. 
This can explain the practice phenomenon that the growth near the sidewalls grown 
substantially larger. 
From both designs it can be concluded that the reaction is dependent on the momentum 
of transport, not just transport of the reactive species throughout the reactor domain, but also 
to assist within the dilution of species that assist in the decomposition of the reactant. This 
is realised as within the dilution of O3 regions throughout the reactor, the surface experienced 
a steeper gradient of surface coverage. But as the reactor is filled and surfaces exposed to a 
higher purity O3, the reaction tends to slow down and reduce greatly. This is illustrated in 
some cases where the growth of the cardinal locations is non-active until such time the partial 
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pressure exchanges occur between species within the following purging period. Thus, the 
reaction is allowed to occur due to the availability of O-atom species and an increase in the 
attained surface coverage. 
In terms of film growth and uniformity, the slotted reactor was the only design that 
achieved a close to unity coverage. Thus, the growth of Al2O3 is required to reflect the 
growth that is typically expected from experimental studies. Attaining an average of 0.93Å. 
The typical deviation over the length is approximately 0.2Å. The cylindrical ported reactor 
fell short as an average growth of approximately 0.49Å is attained. This is expected as 
around half of the surface received probable coverage. Nonetheless, this analysis revealed 
areas of growth that exhibit decrease, showing early growth defect formation within vicinity 
related to certain flow mechanistic effects, such as eddy corners, impingement zones, near 
fall effect, among others. 
 The Flow Ramifications due to the Backward-Facing Step Phenomena and Non-
Laminar Flow within an ALD Process. 
A horizontal two-dimensional reactor scale study is investigated through the 
implementation of industrial ALD process recipes for the fabrication of Al2O3. The aim is to 
identify critical issues and the underlining singularities of the transitional and backward-
facing step phenomena observed in the atomic layer deposition thin film process. The 
intention of this process is to gain insight into the effects of the BFS characteristics of the 
thin film formation and growth in an ALD process. The investigation is carried out in order 
to identify the critical issues, as well as to attain optimal design and operation parameters. 
The findings from the alterations of the step height and injection speed within the ALD 
process are observed.  
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 The Ramifications of Step Height in Temporal Cross Flow Thermal Reactors 
An arbitrary reactor is designed and used to simulate the backward-facing step and 
possible non-laminar flow fields of a typical temporal cross flow reactor. A reactor having a 
2.5 mm, 5 mm, 7.5 mm, and 10 mm step is investigated. The findings are discussed in the 
following sections. 
The BFS expansion of flow over the four variety of steps is analysed to observe the 
topological characteristics (namely, the bulk flow path, recirculation vortices, saddle points, 
eddy corners, and stagnation region) that’s expected to occur in the pulsing of the TMA 
precursor and the O3 reactant. Again, the heavier substance (the metallic TMA precursor) 
illustrated the more dramatic flow. The designs are subjected to large recirculation that 
penetrates deep into the reactor. This type of flow is categorised as non-laminar (tending to 
the transitional flow).The O3 pulse is less chaotic, although flow variations do occur within 
the BFS zones. However, interest is concentrated on the BFS flow characteristics and their 
possible impacts on the ALD process.  
The largest step (the 10 mm step) is subjected to a large recirculation zone to be formed 
at the step to the substrate floor. Large recirculation zones tend to display the existence of 
large eddy corners, faster flow within the recirculation vortex, and “necking” forces towards 
the roof of the reactor. In spite of this, the flow within the recirculation is sufficient to allow 
uniform flow, which is a beneficial flow pattern for the ALD process. One undesirable result 
is that the necking towards the roof and large recirculation zone can cause the higher purity 
of flow to pass over the section of the reaction surface. Alternatively, it can allow larger 
retention time of the mass to react as it is entrapped within the recirculation that results in a 
larger area exposure. This could be beneficial for the ALD process. Another advantage of 
higher step heights is that the reflected flow off the roof allows the flow momentum to 
255 
 
diminish before the impingement (at the reattachment point) on the substrate surface. This 
is due to the distance it is required to travel. 
In contrast, lower steps (such as the 2.5 mm and 5 mm step) where the bulk flow is 
subjected to separate in smaller primary recirculate zones at the step from the reactor floor. 
Here, the bulk flow is subjected to necking at a high flow momentum towards the reactive 
floor; this is due to the larger primary recirculate zone at the step to the roof of the reactor. 
The impingement magnitude could cause a forced reaction that is unfavourable within the 
ALD process. The subsequent reflection of flow causes valuable precursor/reactant to pass 
over some areas, causing possible growth thickness deviations.  
An injector placed symmetrically between the roof and substrate floor (such as the 7.5 
mm step), does not allow dominance of impingement or reflection. Similar amounts of 
precursor/reactant is subjected to equivalent recirculate zones. This allows the 
impingement/reflection of the gas with a similar magnitude onto or away from the surface.  
The end result is a much less chaotic phenomenon than its competitor steps. However, the 
reactive substance is now limited to be exchanged between the roof and substrate. Leading 
to expensive reactants to never reach the site of interest. Small deviations of the flow path 
do exist, as the mass is subjected to emission species on the substrate surface. Although, in 
practice, the ALD process tend to deposit on the reactor walls and roof, and as such it can 
be believed that these small deviations can be neglected. 
The specific BFS characteristic of the mass flow topology is observed due to the 
evolutionary BFS phenomena interacting with another gaseous species within an ALD 
reactor. It is found that at higher step heights, the recirculation zones cause small amounts 
of the reactive precursor to remain within the zone, particularly at the step corner. This 
phenomenon may explain experimental growth non-uniformity at and near the leading edge 
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of the injection/substrate edge. Likewise, this phenomenon may allow for the understanding 
of double nucleation that occurs at these sites. 
The closer the step is to the substrate, the faster the substrate can attain the reactive 
substance and purge away the excess without retention of the gas within eddy corners close 
to the reactive surface. However, the substance is typically retained with the roof eddy, and 
accompanied by large recirculation in both the pulse and purging sequences. This may cause 
unwanted reactions to occur within the purging sequence as the reactant pockets are purged. 
One of the most notable developments observed is the secondary recirculation zones that 
were formed with each step height within the purge of the precursor. At higher step sizes 
they typically are seen to form on the roof of the reactor. However, in the case of lower step 
sizes (such as the 5 mm step) this natural phenomenon is seen to formulate on the reactive 
substrate surface. Typically, these secondary recirculation zones are formed due to 
temperature variations, however, as the reactor is isothermal, this occurrence is the result of 
the mass transfer as the secondary recirculation zone travels along the TMA domain 
subjected between the Argon purges. It could however be concluded that this secondary 
recirculation phenomena produced by the sequential injection of the ALD procedure could 
be avoided with larger step heights, rather than smaller steps closer to the reactive surface. 
The variation in purity of the substance (being the precursor or reactant) at strategic 
locations are observed at the eddy corners, recirculation zones, stagnation regions, and the 
new boundary layer, as well as the mass fraction in the middle of the reactor. It is establish 
that the TMA mass fraction gradient decreases in relation to the step height. The middle 
coordinate (or mid-reactor) shows a constant trend throughout all step heights. This is an 
indication that the chaotic region development seen within the recirculation zones, 
stagnation zones and leading edge of the new boundary has stalled. This allows the mass 
flow to become fully developed once more after the sudden expansion phenomena. The mass 
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fraction trend at this mid-reactor location is an independent variable in terms of the 
geometrical height of the step. 
As recirculation vortices sizes increase at higher step heights, and the particles are heavy 
enough (such as metallic TMA precursors), a delay in purity is created. This delay is created 
as the reactive substance is transferred over the recirculate vortex and enters the recirculation 
zone at the separation region. This means that the fluid motion reverse flow allows the 
transport to the substrate surface. Thus, locations close to the separation region will be 
subjected to a higher dose purity and decrease as the flow nears the eddy corner. The lighter 
particles and lesser recirculation zones of the O3 reactant did not illustrate such behaviour. 
Findings of the surface coverage at strategical points within the BFS zones and regions 
of the first half reaction that formed AlMe2 and the second reaction mechanism to allow the 
O-atom is reported. The TMA pulse allowed all points to reach unity, irrespective of the step 
height. However, it can be observed that the impinging of the reactant becomes a greater 
concern with lower step heights. This can potentially lead to double nucleation and revealing 
of non-conformal structural layering of the atoms. The reactant pulse causes a delay 
according to the used O3 reactant. This delay is more severe as the two-dimensional flow is 
less frequently confronted with additional fluid motion of expansion and partial pressure of 
interacting species. As such, the purity of O-atom is delayed and dependent on the 
homogenous decomposition of O3. 
The growth thickness and uniformity is superficially interpreted to match the specific 
BFS zones and regions. It is found that the net growth, average growth, maximum and 
minimum fall well within the expected regions typically expected from an ALD process. It 
can be clearly established that the sudden expansion phenomena within a BFS type design 
illustrate unique growth behaviours that can dictate the outcome of the ALD process. 
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From observation, it is understood that saddle points illustrate a slight, but significant, 
growth increase in comparison to the growth before and after the saddle points. This increase 
declines with higher step heights. The small eddy corners have two possible behaviours. The 
first is attained at a smaller step height, in which the corner receives less reactant with which 
to react, and as a result, has a smaller growth thickness. However, if the eddy corner is 
significantly larger, as found at large step heights, the reactant retention within these areas 
leads to a higher growth probability. Large eddy corners can retain reactive substances, 
which subsequently allow for a longer reaction time and exhibit larger growths at the step. 
In conclusion, the eddy corner does exist with obstructing consequence to the ALD process.  
The recirculation zone is dependent on the step height. Larger recirculation zones 
illustrate a more uniform reverse flow profile that allows a more uniform growth to occur 
within the zone. This is beneficial to ALD operations. The smaller steps cause the 
recirculation to flow with a higher momentum, by means of steeper recirculate loops to and 
from the surface, which prevents the flow from passing evenly over the surface. Thus, 
growth becomes non-uniform and dependent on the concentration of the precursor/reactant 
impinging to and from the surface through the concentration boundary layer. This 
impingement exists in multiple locations within the BFS phenomena. The impingement is 
typically seen at the reattachment points after the separation flow. These locations allow the 
bombardment of reactive substances, and effectively allow reactions to occur. This effect 
depends on the flow momentum, and thus force impingement, onto the surface that dictates 
the severity of this occurrence. 
Stagnation regions illustrated negligible deviations in growth thickness, and thus 
producing a higher quality uniform thick film. This being beneficial for the ALD process as 
these regions allow points only to diffusive to the surface without the mass convection 
caused by the bulk flow away from the surface. The prediction of uniformity is calculated in 
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terms of growth deviation that result with a value less than 0.01Å. The new boundary layer 
is subjected to impingement that lowers the diffusion boundary layer. This allows the 
reaction to reach the surface, with less mass transport resistance. Growth thickness of the 
thin film is found to grow as the new boundary layer develops. Nevertheless, if transitional 
or wave-like flow is present in either the TMA pulse or the O3 pulse within the ALD process, 
the growth will tend to put the growth uniformity at risk. Smaller step heights illustrate a 
greater likelihood of the deviation defect occurring in a higher magnitude for the wave-like 
flow near the substrate. 
Ultimately it is concluded that the 10 mm step illustrated optimal growth in each location 
is caused by the sudden expansion phenomena. This indicates that a cross flow type reactor 
with the injection further away from the substrate might not cause the film to grow as thick 
as possible. However, it supports the growth uniformity by supplying even growth 
throughout the flow topology. 
Remarkably, the symmetrical reactor indicated the lowest growth thickness, the lowest 
average growth from the sudden expansion, and the lowest expected growth at the centre of 
the reactor. This is understood to be the case as the mass transport is evenly divided. Here, 
the transport of the mass that is reflected away from the roof and floor to allow distribution 
of the reactive substances to and away from the horizons of the reactor (top or bottom part) 
is absent. It can therefore be concluded that the average growth thickness is thicker at smaller 
step heights from the surface. However, the film uniformity will be at risk as large deviations 
are expected due to fluidic effects that contribute to the mass convection. 
To prove the reason for the previous superficial growth deviation within the BFS 
phenomenon characteristics, an in-depth location-specific analysis was conducted. This 
analysis included the evaluation of the deposition rate in relation to the Damköhler number 
and concentration thickness near the surface. By doing so, the transition of the transport that 
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is limited to the kinetically limited controlled reaction within the ALD process is identified 
within the BFS phenomenon.  
It is found that the deposition rates will drastically peak (reaching either a minimum or 
maximum number) when any form of alteration of the film thickness occurs. The Damköhler 
number can be said to diverge typically around 2-3.5 within the BFS phenomenon, and tend 
to normalise at approximately 3 as the flow continues through the reactor. Only at a location 
characterised as stagnant will the Damköhler number reach close to 1 and allow for the 
presence of a dominant thermally controlled region. 
Three zones are identified, these being the location of the eddy corner, the stagnation and 
impingement zone at the reactive surface. Here it can be confirmed that the eddy corner can 
either allow the creation of its own reattachment point that allows the deposition rate to 
increase as the concentration thickness decreases (at higher step heights). Alternatively, the 
concentration thickness can be increased as the mass is transported away from the surface 
(upwards to reunite with the main flow). The latter is the norm at low step heights. 
 The Ramifications of Flow Rate in Temporal Cross Flow Thermal Reactors 
The injection flow velocity is altered between 0.5 m/s, 1.5 m/s, 2.5 m/s at the optimal 
step height (that is the 10 mm steps). It is of interest to investigate the flow alterations at this 
step height, and the implications thereof on the final growth uniformity. This study focuses 
on investigating two possible scenarios. The first being on the reduction of reactive precursor 
(TMA) without the addition of pulsations time to allow similar reactive volume. Secondly, 
the addition of pulsation time to allow similar reactive volume.  
The flow field momentum within the BFS occurrence reduces as the flow rate decreases. 
Although an obvious observation is that some important contributions to the ALD 
fabrication process can be distinctively identified. When lower flow fluidic effects that 
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hindered the ALD fabrication process is reduced, this includes effects of transitional flow 
flux, reduced divergence and transitions of reactive flow flux towards the roof or floor 
domains, necking of the bulk mass flow, and less and weaker impingement locations. 
Overall, the impact of the BFS occurrence on the reactive substrate is reduced greatly. 
In contrast, a reduced speed can allow longer reaction times, which can in turn allow double 
nucleation and film non-uniformity to occur, especially in recirculate zones and retention 
zones. These recirculate and retention zones also have less force at lower speeds to push the 
reactive substance out towards the bulk flow, thus increasing the amount of the retention of 
reactive substances. Between the injections of the ALD sequences, the O3 reactant will 
benefit more from a lower speed as it is subjected to fewer BFS interactions along its flow 
path. It is observed that Secondary recirculation can be controlled as the speed is reduced. It 
caused the magnitude of this secondary recirculation occurrence to greatly reduced in size 
and length. If reduced even further, this occurrence can be diminished entirely. 
As the flow rate is reduced (within the precursor injection), high purity reactive 
substances are more likely to transition to a diluted state that causes some locations to never 
attain high purity at the sites. Faster injection illustrates that the substance exposure tends to 
remain within the pulsing sequence, and require only a short purging time to evacuate the 
substance from the surface. However, the slower mass transport from the reduced flow 
allows a larger exposure time for reaction. This lead to the deduction that if a substance 
requires long exposure times to allow reactions such as oxidant exposures to occur, it is 
favourable to reduce the injection speed. Additionally, as a reaction tends to occur in the 
purge as well, slower purge speeds are also favourable. However, additional time can also 
be required to fully evacuate the reactor of reactive substance. 
Evidence and observation is continued by the findings observed from the film growth 
coverage attained along the process half-reaction steps. The precursor revealed that even in 
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its diluted and volumetric reduce state at lower flow rates, a complete surface coverage is 
still likely to form after its reaction. However, the higher amount of dilution requires more 
time for the reaction to fully occur. Thus, higher purity at a faster rate is favoured to allow a 
faster reaction to occur for the metallic precursors. The O3 reactant also reveals deterring 
factors due to the reduced flow momentum. As O3 is reliant on homogenous decomposition 
into the o-atom, the chaotic interaction of purge and reactant species that assist in the 
decomposition process is reduced allowing slower breakdown of the O3.  
The growth thickness attained throughout the study remained well within the recorded 
values of prior experimental works. It was found that when increasing the gas velocity, the 
overall growth rate tends to decrease. At higher steps and a faster flow rate, the BFS 
phenomenon delivers a more uniform growth thickness over the substrate. Slower flow rates 
tend to increase retention time of the reactive substance, resulting in an increase in the thin 
film thickness. If the flow is slowed too drastically, the film thickness can resemble double 
nucleation and reveal a film thickness of approximately two times larger. As the speed 
decreases, the average growth increased. Moreover, the impact on the growth dynamics due 
to the transitional flow flux decreased with a slower injection speed as the force of 
impingement and deflection decreases, allowing less of a wave-like formation. However, the 
surface is subjected to prolonged residence time and longer impacted areas of closely packed 
transitional flow flux  points. 
6.3 Recommendations 
In future investigations, the following can be investigated to produce more insight within the 
ALD fabrication process: 
 The effects of the sudden expansion phenomena with varies species. This includes 
the interactions these species interplay with one another, and the impact this 
interaction will have towards the final film product. 
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 The effect of sudden expansion phenomena on a substrate geometry. The study of 
porous zones, trenches, and complex structures. 
 The three-dimensional numerical study for optimization of the influential parameters 
that impact the backward-facing step. This includes, but not limited towards the step-
height, angle of injections, the effects of the corner edging (fillets and chamfers), 
placement of the outlet, and multiple injectors. 
 The experimental verification of the mass transport and growth. This is also 
applicable to the verification of design comparisons of unique reactors. 
 The multi-scale simulation of the ALD process. This includes the interaction of the 
atomic species within feature scale interconnected with the reactor scale and its mass 





A.1. Chemistry database 
Gas-phase reaction mechanism for Al2O3 ALD from trimethyl-aluminium and Ozone 










Surface reaction mechanism for Al2O3 ALD from trimethyl aluminium and Ozone 








B.1. Chapter 4 ALD reactor designs 
THREE-DIMENSIONAL CROSS FLOW ALD REACTORS: 
Source: Authors own design 
Reactor Design 1: Cylindrical Ported Cross Flow ALD Reactor 













B.2. Chapter 5 ALD reactor designs 
TWO-DIMENSIONAL CROSS FLOW REACTOR 
Source: Authors own design 
Reactor Design 1: 2.5 mm Step Cross Flow ALD Reactor 
Reactor Design 2: 5 mm Step Cross Flow ALD Reactor 
Reactor Design 3: 7.5 mm Step Cross Flow ALD Reactor 





































LIST OF ABBREVIATIONS 
Abbreviation Definition 
ALD Atomic layer deposition 
CVD Chemical vapour deposition 
CFD Computational fluid dynamics 
MD Molecular dynamics 
DFT Density function theory 
LES Large eddy simulation 
TMA Trimethyl Aluminium 
PDE Partial differential equations 
BFS Backward facing step 
CHPC Centre for High Performance Computing 
MPI Message passing interface 
UDF User defined function 
RAM Random access memory 
CPU Central processing unit 
LBM Lattice Boltzmann method 
DMSC Direct simulation Monte-Carlo method 
LBGK Lattice Bhatnagar-Gross-Krook 
TRT Two-Relaxation-Time 
kMC Kinetic Monte Carlo method 
LAMMPS Large-scale atomic/molecular massively parallel simulator 
ER Expansion ratio 
ITRS International technology roadmap for semiconductors 
PVD Physical vapour deposition 
EL Electroluminescence 
MEMS Micro-Electro-Mechanical systems 
NEMS Nano-Electro-Mechanical systems 
ALE Atomic layer epitaxy 
HT High throughput  






[𝑆𝑖]𝑤𝑎𝑙𝑙 The site species concentration 
?̂?𝑖,𝑟 
The Arrhenius molar rate of creation/destruction of species in 
reaction 
𝑆𝑖𝑗̅̅̅̅  Rate of strain tensor 
?̇?𝑑𝑒𝑝 The net rate of mass deposition 
Ar The pre-exponential factor 
𝐶𝑠 Smagorinsky constant 
𝐷𝑖𝑗 Binary diffusivity 
𝐷𝑡 Turbulent diffusivity 
𝐸𝑟 Activation energy 
?⃗? External body forces 
𝐾𝑛 Knudsen number 
𝐾𝑟 Equilibrium constant 
𝐿𝑠 Mixing length 
𝐿𝑥 Partial distance 
𝑀𝑚 Average mole mass 
𝑀𝑤,𝑖 Molecular weight 
𝑁𝑅 Number of reactions 
𝑅𝑟 Reaction Source term 
𝑆𝑖 Entropy 
𝑆𝑖𝑗 Strain rate tensor 
𝑆𝑚 Source term 
𝑍𝑖 Site coverage 
?⃗? Gravitational constant 
𝑘𝐵 The Boltzmann constant 
𝑘𝑉𝐾 Von Karman constant 
𝑘𝑏,𝑟  Backward reaction rate 





𝑘𝑓,𝑟  Forward reaction rate 
𝑘𝑓 Rate constant of surface reaction 
𝑘𝑚𝑡 mass transfer coefficient 
𝑙𝑔 Effective length 
𝑚𝑚   Mole mass of species 




𝐴𝑟𝑟ℎ𝑔 Gas-phase Arrhenius 
𝐴𝑟𝑟ℎ𝑠 Surface Arrhenius 
𝐵 Bulk 
𝐶 Molar concentration 
𝐶𝑝 Specific heat at constant pressure 
𝐷𝑎 Damkholer number 
𝐸 Total energy or expansion ratio (specified in text) 
𝐸(𝑡) residence time 
𝐺 Gas 
𝐺𝑅 Growth/thickness 
𝐼 Unit tensor 
𝐽 Diffusion flux  
𝐿𝑒 Lewis number 
𝑁 Total number 
𝑃 Pressure 
𝑃𝑒 Peclet Number 
𝑃𝑟 Prandtl number 
𝑄 Flow rate 
𝑅 The universal Gas constant 






𝑆ℎ Sherwood number 
𝑆𝑐 Schmidt number 
𝑆𝑡 Stanton number 
𝑇 Temperature 
𝑉 Volume 
𝑋 Mole fractions 
𝑌 Mass fraction 
𝑎 Acceleration 
𝑘 Thermal conductivity 
𝑘/ℰ A large eddy mixing time scale 
𝑙, 𝐿, 𝑥 Characteristic Length 
𝑚 Mass 
𝑛 Number of moles 
𝑡 Time 





𝒟 Diffusion coefficient 
 The Lennard-Jones energy parameter 
𝜂 Uniformity/conformal 
𝜆 Mean free path 
𝜇 Dynamic viscosity 
𝜌 Density 
𝜏 Average residence time 
𝜕 Partial derivative 
𝜏𝑠𝑔𝑠
−1  Sub-grid mixing rate 
Γ The third bodies net effect of the reaction rate 
γ Stickiness coefficient 
δ Boundary layer thickness 
𝑣′, 𝑣′′ The stoichiometric coefficient for reactant/product 
𝛽𝑟 Temperature exponent 
𝛾3𝑗,𝑟 The third-body efficiency 
𝜂 The rate exponent for reactant/product species 
𝜇𝑡 Turbulent viscosity 
𝜎𝑖𝑗 Diffusion collision integral 
𝜏̿ Stress tensor 
δc Concentration boundary layer 
Ω𝐷 Diffusion collision integral 
𝜇 Dynamic viscosity 
𝜐 Kinematic viscosity 
𝛼𝑝𝑜𝑙 Polarizability 







𝑖, 𝑗 Species 1 (i) and species 2(j) 
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